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Organic matter-mineral interactions are a key part of the global carbon cycle, facilitating the 

preservation of organic matter that helps remove CO2 from the atmosphere and allow for the 

build-up of oxygen in the ocean-atmosphere system.  

  In this project, chemical standards were added to clay and iron minerals (kaolinite, bentonite and 

goethite), to investigate the effect of organic matter and mineral type on sorption, as well as 

investigating the mechanisms by which binding is occurring. Sorption was found to be greatest in 

aromatic compounds across all three minerals used. Different organic compounds showed a slight 

preference for different minerals, but overall mineral type had a minimal effect on bonding. 

Organic compounds were found to bind cooperatively, achieving a higher organic matter: mineral 

ratio than the monolayer equivalent often observed in sediments. This suggest that the observed 

monolayer equivalence in marine sediments may be due to the nature and quantity of organic 

matter reaching these sediments rather than an inherent limit on the amount of organic matter 

that mineral surfaces can sorb.  

  Experiments were also carried out using natural dissolved organic matter (DOM) under riverine 

and marine conditions to determine the impact of minerals on riverine DOM transport. The 

different DOM sources were found to have a minimal effect on the degree of sorption with 

salinity and mineral mass having the greatest effect. This observation suggests that much lower 

coverage was achieved for the DOM than for the standards, possibly due to the presence of a 

more limited range of compounds.  

  Differences between the dissolved and standards data highlight the importance of including all 

compound types in the study of organic matter-mineral interactions. Given the complex nature of 

these interactions, and the different factors effecting them, further work is need to fully 

understand the role they play in organic matter preservation. However, this work has 

demonstrated the importance of careful experimental design, and the inclusion of both dissolved 

and particulate matter. 
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Chapter 1 Introduction  

1.1 The global carbon cycle  

The carbon cycle is the central geochemical driver of the Earth’s climate system. The 

cycle describes the exchanges of carbon between the Earth’s reservoirs (sinks) and 

sources (Allaby, 2008). On million-year time scales, feedbacks in the system stabilize 

Earth’s climate and oxygen concentrations through silicate weathering. On hundred-

thousand-year timescales, the carbon cycle in the ocean amplifies climate change. On 

human time scales of decades, the carbon cycle dampens climate change by absorbing 

fossil-fuel CO2 into the oceans and land biosphere (Archer, 2010). Figure 1.1 (black lines) 

show how under natural conditions carbon dioxide produced by respiration, weathering 

and fires is balanced by that created during photosynthesis, however human activity has 

led to an upsetting of this balance (Figure 1.1 red lines) (Friedlingstein, 2015) 
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Figure 1.1. Schematic of the global carbon 

cycle showing the transfer of 

carbon through the Earth 

and life systems. Black 

numbers and arrows indicate 

reservoir mass and exchange 

fluxes estimated for the time 

prior to the industrial era, 

circa 1790. The red number 

and arrows indicate the 

perturbation of the carbon 

during the industrial era. 

Boxes represent different 

reservoirs with the number 

indicating the mass of carbon 

present in PgC, whilst arrows 

represent fluxes in PgCyr-1 

(Ciais et al., 2013). 
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The effect of human activities on the global carbon cycle was first evident from changing 

atmospheric CO2 concentrations at the Mauna-Loa Observatory in Hawaii (Keeling et al., 1976). It 

is well documented that this increase in atmospheric CO2 has significant impacts on the global 

climate. The effect on the carbon cycle took longer to determine (Friedlingstein, 2015). Current 

Earth system models now include biogeochemical cycles such as the carbon cycle. However, the 

feedback  of a number of processes within these cycles on future climate has yet to be fully 

assessed (Heinze et al., 2019). The marine biosphere is an important carbon sink. Its future 

importance is highly uncertain (Friedlingstein, 2015). One of the major uncertainties in the marine 

carbon sink is the preservation of organic matter in marine sediments. Although only 5% of 

organic matter exported to marine sediments is ultimately buried, small changes can have large 

effects on atmospheric CO2. This process is challenging to monitor and leads to increased 

uncertainty in climate models. Recent studies have suggested that this process is important and 

that changing this fraction to 7.5% could account for most of the lower atmospheric CO2 during 

glacial periods (Cartapanis et al., 2016). 

1.1.1 Marine sediments  

Marine sediments, especially along continental margins, are an important store of organic carbon 

(Hedges et al., 1988, Keil and Hedges, 1993, Hedges and Keil, 1995). The preservation of organic 

matter in these sediments is important as it allows for the removal of CO2 and build-up of oxygen 

in the atmosphere Figure 1.2 (Mackenzie et al., 2004). As well as providing an essential 

component of the carbon cycle, preservation of organic matter in sediments also leads to the 

build-up of fossil fuels and is critical for understanding a number of paleo-environmental markers 

(Keil and Hedges, 1993).  
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Figure 1.2. Removal of organic matter into marine sediments, removes carbon from the immediate 

cycling between organic matter and carbon dioxide. 

Preservation of organic matter within marine sediments results from a number of different 

factors. One such factor is the nature of the organic matter, with different compounds thought to 

have an inherent level of recalcitrance (Hedges et al., 1988). Terrestrial organic matter is 

especially resistant to degradation meaning that a higher proportion of terrestrial organic matter 

is preserved than marine. This is because terrestrial organic matter predominately consists  of 

complex structural compounds, such as lignin, which are resistant to degradation, plant pigments 

and carbohydrates are also resistant to degradation, whereas lipid and sugar are more susceptible 

to degradation (Hedges et al., 1988).  However, the presence of DOM in seawater has been shown 

to increase the resistance of small molecules to degradation, suggesting that the nature of the 

organic matter alone is not responsible for whether or not it is preserved (Keil and Kirchman, 

1994). In soils environmental factors have been found to have a greater effect on the rate of 

degradation than organic matter type; factors such as oxygen content, pH and presence of 

bacteria. This is primarily because these determine the number and type of bacteria present 

which are able to digest the organic matter and remineralise it into carbon dioxide (Schmidt et al., 

2011).These environmental factors are also important in marine sediments with oxygenated 

sediments showing reduced organic matter preservation and anoxic areas showing increased 
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preservation (Hedges and Keil, 1995).  The influence of bacteria is complicated by the production 

of exopolymeric substances which can promote organic matter preservation (Pacton et al., 2007). 

Despite the importance of oxygen content on organic matter preservation at a local level, on a 

global scale the preservation of organic matter seems to be more closely linked to mineral surface 

area (Hedges and Keil, 1995). It is evident that the factors effecting organic matter preservation in 

marine sediments are complex and often interlinked, however, evidence suggests that 

understanding the interactions of organic matter with minerals is vital to understanding the 

preservation of organic matter in marine sediment (Kennedy and Wagner, 2011, Drouin et al., 

2010, Hedges and Keil, 1995). 

1.2 Organic matter-mineral interactions  

Evidence for the importance of minerals in organic matter preservation comes from a number of 

observations. First, studies of marine sediments repeatedly observe a strong relationship between 

mineral surface areas and organic matter content (Keil and Hedges, 1993, Hedges and Keil, 1995, 

Kennedy et al., 2002, Ransom et al., 1997, Mayer, 1999). Second, a number of laboratory studies 

have demonstrated that organic matter will bind to minerals and the presence of minerals can 

reduce organic matter degradation (Curry et al., 2007, Drouin et al., 2010, Saidy et al., 2013, Saidy 

et al., 2015, Kang and Xing, 2008, Swenson et al., 2015, Aufdenkampe et al., 2001, Lu et al., 2010, 

Ahmat et al., 2015, Arnarson and Keil, 2000, Shaker et al., 2012, Feng et al., 2005, Mikutta et al., 

2007, Ding and Shang, 2010). 

Keil and Hedges (1993) determined that more than 80% of organic matter, in sediments along 

different stages of the Columbia River and estuary, could not be separated from mineral mass by 

density flotation, whilst Kennedy et al. (2002) noted that 85% of the variation in the amount of 

organic matter present in black shales could be explained by variations in the amount of mineral 

surface area. This observed link between mineral surface area and amount of organic matter has 

been noted in a number of studies and leads to the development of the monolayer hypothesis 

(Mayer et al., 1985) that posits a single layer of organic matter is bound on the mineral surface. 

Mayer et al. (1985) analysed sediment samples in an intertidal mudflat, and found a close 

correlation between the total organic carbon content and mineral surface area throughout the 

year. This finding was in agreement with previous work, which both used nitrogen adsorption to 

determine surface area, but still noted the same correlation (Weiler and Mills, 1965, Tanoue and 

Handa, 1979). These studies suggested this correlation was due to the formation of a monolayer,  

with a consistent coverage noted at ~1.5 mg of carbon per m2 of mineral (with some variation 
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caused by the different methods used to measure surface area) (Mayer et al., 1985). However, 

evidence against this monolayer hypothesis was soon discovered. In 1997 Ransom et al analysed 

marine sediment samples for total organic carbon (TOC) and determined surface are via N2 

adsorption. Although their samples fit within the ratio expected for monolayer coverage, 

investigations with transition electron microscopy determined the organic matter present was 

localised and discontinuous, not in a uniformed monolayer (Ransom et al., 1997). In 1999 Mayer 

developed a method to determine the degree of coverage using the Brunauer Emmett teller (BET) 

model, using the fact that the presence of organic matter changes the enthalpy of adsorption. 

Once calibrated, this method was used to determine the organic coverage of marine sediment 

samples, determined to be <15%, much less than the 100% that a monolayer would lead to 

(Mayer, 1999). Even allowing for the considerable potential for error in the calibrations of this 

method or the misidentification of the organic matter in the transition electron microscopy (TEM) 

studies, the concept of organic matter as a monolayer was brought into question. Further 

evidence against the monolayer was provided by Arnarson and Keil (2001), who looked at marine 

sediments using x-ray photoelectron spectroscopy (XPS) to identify carbon atoms on mineral 

surfaces. Their results showed carbon atoms are present in discrete spots as opposed to a 

uniform layer. All these studies and a number of others, however, still noted the consistent ratio 

between the amount of organic matter and the mineral surface area which they refer to as a 

monolayer equivalent (Arnarson and Keil, 2001, Mayer, 1999, Ransom et al., 1997, Mayer, 1994b).  

1.2.1 Clay minerals  

If surface area is not responsible for the amount of organic matter adsorbed, another factor must 

be limiting the amount of organic matter that can interact. In 1998 Ransom et al investigated the 

factors affecting the surface area of sediments (Ransom et al., 1998). Here, the theoretical surface 

area of these sediments, based on the grain sizes, was significantly less than that determined 

experimentally. It was speculated that this variation was caused by the presence of high surface 

to volume ratio particles. Using nitrogen adsorption to compare surface area to mineral 

composition in sediments, a strong correlation was found between surface area and weight 

percent clay mineral (Ransom et al., 1998). Block and Mayer, determined that the density of 

different fractions in sediments was consistent with organic matter bound to clay minerals rather 

than to any heavier minerals (Bock and Mayer, 2000). Arnarson et al expanded on this, using 

density flotation to separate out samples of different density, with the largest amount of organic 

matter being present in the lighter fractions. They used x-ray diffraction to identify the minerals 

and noted a high smectite clay concentration in these organic-rich fractions suggesting that 

organic matter has a preference for these minerals (Arnarson and Keil, 2001). Further studies 
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have also identified this correlation between organic concentration and clay mineral content 

(Kennedy and Wagner, 2011, Drouin et al., 2010, Hedges and Keil, 1995, Mayer, 2004) . Drouin et 

al looked at the interactions that take place between synthetic clay minerals and organic matter, 

and determined there is a strong interaction between the clays and the organic matter. X-ray 

diffraction patterns suggested this interaction was adsorption based and not intercalation 

between the layers, because intercalation would result in a change in the x-ray diffraction pattern 

which was not observed (Drouin et al., 2010).  

1.2.2 Iron minerals  

Clay content is not the only factor of importance in organic carbon preservation. Lalonde et al 

(2012) demonstrated that a large amount of organic carbon present in marine sediments is bound 

to iron-rich minerals. Samples of sediment from a number of locations were analysed to 

determine the amount of organic matter bound to iron. The study concluded that approximately 

20% of all organic matter in sediments is directly bound to iron (Lalonde et al., 2012). A similar 

correlation has been noted previously in soils. Kaiser and Guggenberger investigated the amount 

of organic matter and iron content in topsoils from around Europe. This study revealed a stronger 

correlation between the amount of iron and the amount of organic matter than between surface 

area and organic matter (Kaiser and Guggenberger, 2000). A number of more recent studies have 

also suggested that iron plays a key role in organic matter preservation in soils (Zhang et al., 2013, 

Wang et al., 2013). This importance in soils together with Lalonde’s work suggests that iron may 

play an important role in organic matter preservation in marine sediments.  

A number of laboratory-based studies into the interactions between iron, particularly iron 

hydroxides, and organic matter have been undertaken. In 2014 Barber et al. incubated organic 

matter and iron together under different redox conditions, and monitored the stable carbon 

isotope signature of the solid phase to monitor the uptake of the fresh organic matter (Barber et 

al., 2014). The presence of the iron significantly increased the rate the organic matter moved from 

the dissolved to solid phase. This effect was particularly pronounced when the iron was present 

under oxidising conditions which favour the formation of iron hydroxides. The samples with iron 

present, particularly as iron hydroxide, showed the least degradation after 250 days (Barber et al., 

2014). This result is consistent with the earlier work during which it was found that, using 14C-

labelled organic matter, organo-iron complexes degraded much more slowly than free organics 

(Boudot et al., 1989). Swenson et al. developed further on this work, although looking at organic 

matter in the context of soils, to investigate which types of organic matter bound best to 

synthetic ferrihydrite. The ferrihydrite was incubated with organic matter extracted from bacteria 
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and liquid chromatography and mass spectrometry used to monitor and identify the organic 

matter remaining in solution. Organic matter with the highest affinity for ferrihydrite were those 

with phosphate groups, followed by those with di-carboxylate groups and those with aromatic or 

nitrogen-containing groups (Swenson et al., 2015). The fact that organic matter with specific 

functional groups interacts more readily with the iron hydroxides suggests that interactions 

involve some stronger chemical interaction such as direct chelation or coordination (Lalonde et 

al., 2012).   

Studies in soils have suggested that clays and iron minerals may be interacting together causing 

stronger interactions with organic matter. Wiseman and Puttmann (2006) investigated 5 soil 

samples from Germany, using x-ray diffraction to identify mineral composition, elemental analysis 

to determine the amount of organic matter present and dithionate extraction to determine the 

iron content. Using statistical analysis they determined correlation between these three 

parameters and although the results varied between the different soils, there was generally a 

strong correlation observed between all three. The authors speculate this correlation shows the 

organic matter is binding to the iron hydroxides which are binding to the clay minerals, with the 

positively charged iron hydroxides bringing together the clays and organic matter which would 

both be negatively charged under the conditions employed. However they acknowledge that a 

statistical relationship is not sufficient to fully support this hypothesis, considering all three 

variables have previously been shown to correlate with other factors such as surface area 

(Wiseman and Puttmann, 2006, Dumig et al., 2012). Work carried out by Saidy et al. (2015) adds 

further evidence to this hypothesis of interaction among clay minerals, iron hydroxides and 

organic matter. These authors used gas analysis to monitor the degradation of organic matter 

bound to different clay minerals, with and without iron hydroxides present. Addition of the iron 

hydroxides lead to a change in the surface area and the cation exchange capacity of the minerals, 

although the degree of change depended on the type of iron hydroxide with ferrihydrite having 

the largest effect. Sorption of the organic matter to all the clay minerals results in the observed 

reduction in degradation compared to unbound organic matter. The clay mineral with a 

ferrihydrite coating showed an even greater reduction in degradation than the uncoated mineral 

(Saidy et al., 2015). However, given that a mixture of organic matter was used, it may be some of 

the organic matter is binding to the clay and some to the iron hydroxide leading to the observed 

increase in amount of organic matter preserved. Further work would need to be carried out to 

see if this is the case or not; this could be done by monitoring which organic compounds are 

adsorbing to the clay minerals, and whether the presence of the iron hydroxide changes this or 

not. This could also be investigated by looking at which functional groups bind best to clays and 
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iron hydroxides separately. All of these studies were carried out under soil conditions so it would 

be instructive to repeat them under conditions found in marine sediments.  

1.2.3 Organic matter  

Functional group specific interactions suggest the nature of the organic matter is also important in 

determining the interactions that take place with minerals. Komada and Reimers (2001) 

hypothesised that only a proportion of organic matter binds strongly to minerals with the 

remainder loosely bound and able to desorb. Satterberg et al. (2003) also hypothesised that the 

organic matter present affects what proportion initially sorbes to the mineral. A variety of 

functional groups have been found to be preferentially sorbed to minerals. Kang and Xing (2008) 

investigated humic acid binding to goethite and found that more polar compounds were 

preferentially bound. Swenson et al. (2015) looked at microbial metabolite and ferrihydrite and 

found strongest interactions with phosphate-containing compounds followed by those with 

carbonyl groups and those containing nitrogen and aromatic functionalities. Similar results were 

found by Newcomb et al. (2017) in mica, finding carbonyls and phosphate group were favoured 

followed by nitrogen-containing groups. In goethite the nitrogen groups were found to be most 

favoured, in both minerals alkanes were the least favoured. Aufdenkampe et al. (2001) also found 

a preference for nitrogen-rich compounds when looking at the interactions of organic matter and 

riverine sediments and kaolinite. Lu et al. (2010) looked at kaolinite and montmorillonite with 

algal lipid extracts and found that fatty acids bound more strongly than n-alkanes, Ahmat et al. 

(2015) also found a preference for fatty acids when investigating the sorption of organic matter 

from the water column to montmorillonite and kaolinite.  

 Different studies have identified various functional groups as important in organic matter-mineral 

interactions, however, it is important to consider the differences between these studies. For 

example, studies using spectroscopic techniques to identify functional groups are limited by the 

analytical window of the instrument used.  Studies using chemical standards often do not account 

for all functional groups. Furthermore, different minerals and different conditions are likely to 

favour different functional groups. However, the overall trend suggests more polar compounds 

interact more strongly than non-polar compounds.  
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1.2.4 Mechanism  

The nature of the interactions between the organic matter and the mineral is also important to 

consider, this is likely to vary for different minerals and different types of organic matter. The 

mechanism of organic matter-mineral interactions determines how strongly organic matter is 

bound, and therefore the length of time over which it is likely preserved (Henrichs, 1995). 

Understanding mechanistic details of these interactions is therefore vital for determining the role 

that mineral interactions play in organic matter preservation. Many studies have investigated this 

mechanism using the fact that different mechanisms are promoted under different conditions. A 

study by Arnarson and Keil (2000) for instance used different background solutions to promote 

and inhibit different mechanisms, Na2SO4 to inhibit ligand exchange, CaCl2 to promote cation 

bridging and NaCl to provide a background. Further insight was provided by investigating the 

enthalpy of bound matter, by changing the temperature and changing the hydrophobicity of acid 

compounds by changing the pH. This approach determined that the majority of the bonding was 

due to Van der Waals interactions, ligand exchange and cation bridging (Arnarson and Keil, 2000). 

Feng et al. (2005) used a similar method to investigate the interactions of humic acids with 

montmorillonite and kaolinite, estimating ligand exchange accounted for 32% of bonding, van der 

Waals 22% and cation bridges 41% when Ca2+ was the background electrolyte. Mikutta et al. 

(2007) carried out a similar study using soil organic matter and three different minerals. Goethite 

was found to bind predominately via ligand exchange with little contribution from Van der Waal 

forces and no detectable contribution from cation bridging or Ca-OM precipitation. Pyrophyllite 

was found to have a smaller portion attributed to ligand exchange and around half attributed to 

Van der Waal forces. Vermiculite was found to bind with predominately cation-bridging with very 

little contribution from ligand exchange. Aromatic fractions seem to generally be more favourably 

adsorbed when cation-bridging is dominant (Mikutta et al., 2007). All of these studies suggest that 

ligand exchange, cation bridging, and Van der Waals interaction are important in organic matter-

mineral interactions, however the nature of the organic matter and mineral affects which are of 

greatest importance.  

1.3 Aim of this study  

The primary aim of this thesis is to address the question of how different organic matter 

functional groups interact with the mineral kaolinite, under different organic matter-mineral 

ratios. As well as investigating the effect of molecular weight within one functional group. The 

organic matter used by previous studies has largely been dissolved, but particulate organic matter 

can also be a major source of organic matter to sediments (Lee et al., 2009).  The use of only 

dissolved organic compounds has limited the range of functional groups available. However, the 
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inclusion of insoluble organic matter presents significant methodological difficulties, specifically in 

separating bound and non-bound organic matter. It will therefore be necessary to develop a 

method capable of achieving this. The development and testing of this method together with the 

methods used throughout this thesis is discussed in Chapter 2. Chapter 3 will then aim to address 

aim one by investigating the role of organic matter type on organic matter-mineral interactions. 

This will be achieved by investigating the sorption of organic matter with different functional 

groups and molecular weights to the clay mineral kaolinite.  

The second aim of this thesis is to investigate how different functional groups are influenced by 

changing binding conditions. These changes can then be used to infer which mechanisms are 

responsible for the sorption of different components of the organic matter. Previous studies have 

focussed on either the composition of organic matter bound to minerals, or the mechanism by 

which it is bound. These two factors are intricately linked because it is the functional groups 

present on the organic matter and the nature of the mineral that determines the mechanism. 

Chapter 4 will investigate the mechanism by which the different functional groups interact with 

kaolinite  

The third aim is to expand these studies to other clay minerals and iron hydroxides. Both clay and 

iron minerals have both been shown to be important in organic matter-mineral interactions in 

marine sediments (Lalonde et al., 2012, Mayer, 2004). However, the preference for one type of 

organic matter over another can also vary between mineral types, as can the mechanism of 

interaction (Newcomb et al., 2017, Mikutta et al., 2007). It is therefore important to consider the 

nature of the organic matter when looking at the effect of different minerals on organic matter 

sorption. This will be achieved in Chapter 5 which will investigate the interactions of different 

molecules with bentonite and goethite and compare these with the result with kaolinite from 

earlier chapters.  

The fourth aim is to investigate how widely applicable these results are, within both marine and 

terrestrial environments. This will be done, in Chapter 6, by investigation the sorption of organic 

matter extracted from three different sources with kaolinite, bentonite and a natural soil 

assemblage.  

Finally, Chapter 7 will serve as a summary of previous chapters as well as allowing the discussion 

of further work in the study of organic matter-mineral interactions in marine sediments.  
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Chapter 2 Materials and Methods 

The aim of this study is to further the understanding of organic matter-mineral interactions within 

marine sediments. In particular, the goal is to investigate the mechanisms at work and the effects 

of organic matter (both particulate and dissolved) and mineral type. In order to do this, it is 

necessary to develop a method capable of separating bound and unbound organic matter that 

could be used under a variety of conditions with an array of minerals and organic matter sources. 

This chapter outlines the basic method and how it was adapted for different chapters. It also 

summarises how the method was validated to ensure that results obtained are indeed reflective 

of bound organic matter, as well as how all starting materials are characterised.  

2.1 Initial work 

2.1.1 Organic matter and mineral sources  

Phytoplankton are a significant contribution to marine organic matter, and the bulk composition 

of organic matter reaching the deep ocean differs little from that of surface phytoplankton 

(Hedges et al., 2001). Consequently, preliminary experiments were carried out using 

phytoplankton as the organic matter source. Tetraselmis suecica, a marine green algae, was 

chosen as it is widespread throughout the oceans around Europe and Asia, and lacks any silica or 

carbonate components which could impact its interactions with sedimentary minerals (Guiry, 

1996, Le Moigne et al., 2013). 

Phytoplankton were grown at 20 °C on a 12h:12h light:dark cycle, bubbled continuously with 0.2 

micron filtered air. The culture medium used was Walne's, a nutrient and vitamin solution, which 

was xenic, meaning multiple species could be present.  Phytoplankton were harvested during the 

exponential growth stage by centrifugation followed by freeze drying. 

Clay minerals and iron oxides have been suggested as the main minerals of importance for organic 

matter preservation (Saidy et al., 2015). Initially this project focused on clays because these are 

more common within the marine environment, with kaolinite being one of the most ubiquitous 

(Porrenga, 1967). Kaolinite was obtained from Fischer Scientific as pure kaolin with a grain size of 

1-1.8 µm. Prior to sorption experiments kaolinite was heated to 400°C to remove any native 

organic matter.  
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2.1.2 Instrumentation  

Analysis of organic matter was primarily carried out by gas chromatography-mass spectrometry 

(GC-MS) and a standard procedure was developed. Column chromatography to separate the 

polar, nonpolar and aromatic fractions was not performed, because it was determined that this 

provided limited separation of the organic matter. GC-MS of the total lipid extract produced 

baseline peak separation.  

Gas chromatography was performed on a Trace 1310 Gas Chromatograph coupled to a TSQ 8000 

triple quadrupole mass spectra (Thermo Scientific). The GC was fitted with a DB 5 column, 30 m in 

length, with a 0.250 mm diameter and a 0.10 µm film. The column was held at 40 °C for 2 minutes 

then increased to 310 °C at a rate of 6 °C min-1, before being held at 310 °C for a further 15 

minutes. 1 µL of sample was injected in split mode, split ratio 6.7 at 50 °C, the carrier gas was 

helium at 2 mL min-1. Electron ionisation at 70eV was used in the mass spec scanning from M/Z 

50-650. Solid extraction prior to GC-MS was carried out at 100 °C with 9:1 DCM: methanol on an 

automated solvent extractor, and quid-liquid extraction in a separating funnel with 3×30 mL DCM. 

Tetraselmis samples were derivatised with N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA). 

Derivatisation was necessary because the samples contained polar compounds. Derivatisation 

with BSTFA converts OH groups into silyl groups (Figure 2.1). To ensure sufficient derivatisation, 

sensitivity experiments were conducted to determine the optimal amount of derivatisation 

required to achieve maximum peak height of the 2-methyloctadecanoic acid.  GC results were 

interpreted by using internal and external standard to convert peak areas to concentrations.  

 

Figure 2.1. Derivatisation reaction used on Tetraselmis extracts to convert OH groups into silyl 

groups increasing response factor of polar compounds in GC-MS analysis. 

Elemental analysis was performed on an Elementar Vario Isotope Cube Elemental Analyser in CN 

mode equipped with a Thermal conductivity detector, with samples combusted at 950 °C. The 

mineralogy of the solid phases was determined by X-ray diffraction (XRD) using a Panalytical 

X'Pert pro diffractometer machine fitted with a Cu X-ray tube, operating at 35 kV, 40 mA utilising 

automatic slits and a step size of 0.02º 2 at 1 second/ step.  Semi-quantitative analysis was 

undertaken using a least squares method similar to that used in the Microsoft Excel-based 

programs RockJock (Eberl, 2003), and FULLPAT (Chipera and Bish, 2002).  Surface areas were 

determined with nitrogen absorbance using the Brunauer-Emmett-Teller (BET) method on a 

micromeritics 3 flex 3.02 at 77 K.  
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2.1.3 Analysis of starting materials           

The  Tetraselmis suecica extract was analysed using elemental analysis and GC-MS. The elemental 

analysis results show a composition of 7.9% nitrogen and 46.1 % carbon whereas the primary 

components of the Tetraselmis suecica extract in the GC-MS results are fatty acids and terpenoids 

Figure 2.2. This is consistent with previous studies of marine microalgae (Soto-Leon et al., 2014, 

Abomohra et al., 2017). Absence of organic nitrogen-containing compounds suggests that any 

nitrogen-containing molecules are not sufficiently volatile to be detected by GC-MS. The presence 

of ammonium ions detected by ion chromatography also suggest that some of the measured 

elemental nitrogen is present as inorganic nitrogen.  

 

Figure 2.2. Chromatogram of total lipid extract of Tetraselmis suecica highlighting major 

compounds and compound groups.   

Kaolinite was analysed by XRD to determine composition and BET to determine surface area. The 

X-ray diffraction (XRD) composition of kaolinite was 72.9% kaolinite, 23.8% illite and 6.3% quartz.  

The BET surface area of kaolinite was 16.3m2g-1. 

2.1.4 Experimental set up           

During sorption experiments the mineral and organic matter were combined in glass reaction 

vessels which were heated to 400 °C overnight to remove any organic matter present (Figure 2.3 

and Figure 2.4). A flow of hydrated nitrogen was used to keep the organic matter and mineral in 

suspension. (In future experiments other gases could be employed to investigate the effects of 

oxic and anoxic conditions.) Previous studies, based on dissolved organic matter (DOM; i.e., 

organic matter capable of passing through a glass fibre filter (GF/F) with a pore size of 0.7 μm), 

collected the bound material by centrifugation (Wang and Lee, 1993, Ding and Henrichs, 2002, 

Schneckenburger et al., 2018, Avneri-Katz et al., 2017, Mikutta et al., 2007, Feng et al., 2005, 

Swenson et al., 2015, Liu and Lee, 2006, Meier et al., 1999, Yeasmin et al., 2014, Shaker et al., 
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2012, Arnarson and Keil, 2000, Tipping, 1981, Saidy et al., 2013) or filtration (Schneckenburger et 

al., 2018, Mikutta et al., 2007, Meyers and Quinn, 1973, Ding and Shang, 2010, Saidy et al., 2013). 

The presence of particulate organic matter (POM; i.e., organic matter not capable of passing 

through a glass fibre filter (GF/F) with 0.7 μm pore size) in this study made this option unviable. 

Therefore, density fractionation was used to separate the mineral-bound organic matter and the 

non-bound particulate organic matter from these reaction vessels. A kaolinite suspension of 50 gL-

1 in milliQ water and a Tetraselmis suecica suspension of 0.2 mgmL-1 in milliQ water were 

prepared. For the clay samples these two suspensions were combined in equal proportions; for 

the Tetraselmis suecica blanks the clay suspension was replaced with milliQ water ensuring 

concentrations remained constant. A relatively high organic matter concentration was used so 

that organic matter was in excess of the mineral binding sites, resulting in competition between 

the different molecules for these sites. Preliminary experiments were conducted to assess the 

suitability of the separation method, binding did not need to occur, therefore the suspensions 

were left for only 5 minutes rather than the 2 hours previously shown to be required for sorption 

(Arnarson and Keil, 2000).  Density fractionation was carried out using sodium iodide at 1.6 gmL-1, 

on the pellet resulting from the initial centrifugation (Figure 2.5).  This was carried out using a clay 

sample and a Tetraselmis suecica blank with density fractionation free repeats on both samples.  

 

Figure 2.3. Reaction vessel set-up used for sorption experiments. Nitrogen was provided by a 

nitrogen generator, before being bubbled though a hydration vessel and a water trap. 

Hydration of nitrogen was necessary to reduce evaporation within reaction vessels, 

whilst the water trap prevented liquid water blocking the nitrogen input into the 10 

reaction vessels.  
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Figure 2.4 Photograph of the reaction set up illustrated in Figure 2.3. 

 

Figure 2.5. Flow diagram of the process in the density fractionation experiment. 

The density fractionation successfully removed the particulate organic matter from the 

centrifugation pellet in the absence of clay, suggesting this fraction should represent the clay-

bound matter. The carbon and nitrogen content of this fraction can be seen in Figure 2.6 and 

Figure 2.7. The clay appears to bind some organic matter, in spite of the short reaction time, with 

an increase in both carbon and nitrogen content within this fraction in presence of clay. A slight 

preference for nitrogen-containing organic matter was noted, with nitrogen percentage in the 

clay fraction higher than carbon, consistent with previous findings (Aufdenkampe et al., 2001).  
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Figure 2.6. Elemental analysis of the centrifuged pellet. A notable amount of both carbon and 
nitrogen can be seen in the “clay bound” fraction even in absence of clay suggesting centrifugation 

alone is insufficient to separate bound and unbound organic matter.  

 

Figure 2.7. Elemental analysis of the density fractionated pellet. The “clay bound” fraction in 

absence of clay, appears to show no carbon or nitrogen suggesting density fractionation is 

sufficient to separate bound and unbound organic matter. 
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Experiments were also carried out to determine the extent of degradation over the course of the 

sorption experiment. Mineral-free reaction vessels were prepared and left bubbling under 

nitrogen for 0, 25 and 192 minutes, after this time the dissolved and particulate organic carbon 

were measured. Results shown in Figure 2.8 demonstrate that even after 192 hours minimal 

degradation is occurring under the conditions of the experiment.  

 

Figure 2.8. Assessing the amount of degradation. Dissolved and particulate carbon masses after 

different reaction times in the absence of mineral. 

 

2.2 Standards work  

2.2.1 Organic matter and mineral sources   

In order to reduce the complexity of the system, allowing more focus on the effect of the 

functional groups and to increase the range of functional groups available, later work focused on 

specific compounds. Previous studies have shown that both organic matter type and molecular 

weight can impact on the amount of organic matter/mineral binding, and this study attempts to 

disentangle these two effects (Kang and Xing, 2008, Swenson et al., 2015, Aufdenkampe et al., 

2001, Lu et al., 2010, Ahmat et al., 2015, Arnarson and Keil, 2000). Compounds were chosen to 

represent major functional groups: alcohol, aromatic, amide, fatty acid and alkane and to have a 
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similar number of carbon atoms. Further experiments were carried out to investigate the effect of 

molecular weight used, compounds with identical functional group, and varying carbon count. All 

compounds were obtained from Sigma Aldrich.  Details of each compound can be found in Table 

2.1.  

Table 2.1 Compounds used as example organic matter in experiments. 

Compound  Functional 

group 

Number 

of 

carbons  

Structure  

Heptadecane Alkane  17  

Octadecanamide Amide 18 

 

Behenic acid  Fatty acid  22 

 

Stearic acid  Fatty acid  18 

 

Palmitic acid  Fatty acid  16 

 

Anthracene  Aromatic  14 

 

Carbazole  Aromatic  12 

 

Hexadecanol Alcohol  16  

 

In these experiments a variety of clay and iron minerals were used, with kaolinite being the 

primary mineral, and bentonite, goethite and ferrihydrite used when investigating the impact of 

different mineral sources on organic matter binding. As discussed in section2.1.1, kaolinite was 

used as the main mineral because of its abundance in marine sediments. Clays are formed of two 

different types of aluminosilicate sheets, tetrahedral and octahedral. These sheets can be 

arranged in 2 ways, 1:1 tetrahedral: octahedral, or 2:1 tetrahedral: octahedral: tetrahedral. In 1:1 

clays the sheets are generally uncharged where as in 2:1 clays the sheets have a net negative 

charge, these differences have the potential to influence the binding interactions to the different 
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types of clay (Newman, 1987). For this reason, will be compared in Chapter 5. Bentonite was 

chosen to represent a 2:1 clay mineral, in comparison with kaolinite which is 1:1. Goethite and 

ferrihydrite represent iron oxide minerals which as well as clays have also been shown to interact 

strongly with organic matter. Goethite is representative of a highly crystalline iron oxide whilst 

ferrihydrite is amorphous (Cornell and Schwertmann, 2003). These differences in crystallinity are 

likely to impact on the number and nature of potential binding sites. Kaolinite was obtained from 

Fischer Scientific as pure kaolin, with a grain size of 1-1.8 µm.  Bentonite was obtained from the 

British Drug Houses Ltd, BDH laboratory Chemicals Division, Poole. Goethite was obtained from 

Sigma Aldrich, and ferrihydrite was synthesised using the method of (Cornell and Schwertmann, 

2003). To remove any native organic matter the two clays were heated to 400°C over-night, 

however as this treatment would result in structural changes to the iron oxides these were 

instead treated with hydrogen peroxide.  

2.2.2 Instrumentation  

Analysis of organic matter was carried out by gas chromatography-mass spectrometry (GC-MS). 

Column chromatography to separate the polar, nonpolar and aromatic fractions was not 

performed because mixtures were not sufficiently complex to warrant it.  

Gas chromatography was performed on a Trace 1310 Gas Chromatograph coupled to a TSQ 8000 

triple quadrupole mass spectra (Thermo Scientific). The GC was fitted with a DB 5 column, 30 m in 

length, with a 0.250 mm diameter and a 0.10 µm film. The column was held at 40 °C for 2 minutes 

then increased to 310 °C at a rate of 6 °C min-1, before being held at 310 °C for a further 15 

minutes. 1 µL of sample was injected in split mode, split ratio 6.7 at 50 °C, the carrier gas was 

helium at 2 mL min-1. Electron ionisation at 70eV was used in the mass spec scanning from M/Z 

50-650. Extraction prior to GC-MS was carried out at 100 °C with DCM on an automated solvent 

extractor. It was determined that derivatisation was not necessary, as all standards gave a linear 

response without derivatisation. GC results were interpreted by using external standards to 

convert peak areas to concentrations.  

The mineralogy of the solid phases was determined by X-ray diffraction (XRD) using a Panalytical 

X'Pert pro diffractometer machine fitted with a Cu X-ray tube, operating at 35 kV, 40 mA utilising 

automatic slits and a step size of 0.02º 2 at 1 second/ step.  Semi-quantitative analysis was 

undertaken using a least squares method similar to that used in the Microsoft Excel-based 

programs RockJock (Eberl, 2003), and FULLPAT (Chipera and Bish, 2002).  Surface areas were 

determined with nitrogen absorbance using the Brunauer-Emmett-Teller (BET) method on a 

micromeritics 3 flex 3.02 at 77 K.  
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2.2.3 Analysis of starting materials  

Standards which were going to be used in combined experiments were analysed to ensure that 

baseline separation could be achieved (Figure 2.9) and that a linear response was obtained with 

increasing concentration (Figure 2.10). This result was achieved for the six main standards. The 

remaining compounds were used only in isolation hence base line separation was not required, 

however all show a linear concentration response (Figure 2.11). 

 

Figure 2.9. GC trace for the six main standards used in Chapter 4 and 5 demonstrating the baseline 

separation. Peaks A: Heptadecane, B: Anthracene, C: Carbazole, D: Hexadecanol, E: 

Stearic Acid, F: Octadecanamide.  

 

0.00E+00

2.00E+08

4.00E+08

6.00E+08

8.00E+08

1.00E+09

1.20E+09

1.40E+09

1.60E+09

1.80E+09

15 17 19 21 23 25 27 29 31 33 35

p
ea

k 
h

ei
gh

t/
A

U

Retention time/ min

A 

B 

C 

D 

E 

F 



Chapter 2 

23 

 

Figure 2.10. Calibration of the six main compounds used in chapters 3, 4 and 5. Illustrating a linear 
relationship between concentration and peak area. 

 

 

Figure 2.11. Calibration of remaining compounds used in chapter 3. Illustrating a linear 

relationship between concentration and peak area.  
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All minerals were analysed by XRD to determine composition and BET to determine surface area. 

The X-ray diffraction (XRD) composition of kaolinite was 72.9% kaolinite, 23.8% illite and 6.3% 

quartz.  For bentonite the XRD composition was 89.1% montmorillonite (swelling clay), 9% albite, 

1.9% quartz.  In the goethite sample, goethite was the only detectable mineral. In the ferrihydrite 

sample there were no detectable peaks, but a high background which is consistent with an 

amorphous iron-rich compound.  The results of BET surface area measurements can be seen in 

Table 2.2 

Table 2.2. Surface area and composition of minerals used in standards experiments. 

Mineral BET Surface area/ m²/g XRD composition 

Kaolinite  16.3 72.9% kaolinite, 23.8% illite 

and 6.3% quartz 

Bentonite  12.4 89.1% montmorillonite, 9% 

albite, 1.9% quartz 

Ferrihydrite 259.2 Peaks consistent with 

amorphous iron-rich 

compound 

Goethite 15.3 Goethite only detectable 

mineral 

 

 

 

2.2.4 Experimental set up 

Standard experiments were carried out in reaction vessels under hydrated nitrogen as in section 

2.1.4, however the low masses of organic matter required for the experiments necessitated the 

preparation of stock solutions for dispensing the required amounts. As the compounds were not 

water soluble, these stock solutions were made up in isopropyl alcohol (IPA). Once the organic 

matter had been added, the reaction vessels were left bubbling with nitrogen causing the volatile 

IPA to evaporate and leaving the standard suspended in the water, at which point the clay was 

added.  

Although the density fractionation successfully separated the bound and unbound organic matter 

the high ionic strength of the sodium iodide solution had the potential to influence the binding, 



Chapter 2 

25 

especially in the experiments explicitly looking at how different solution conditions affect the 

binding. For this reason and because the standards appeared to be less dense, experiments were 

carried out to see if centrifugation alone was sufficient to separate the bound and unbound 

standards, as illustrated in Figure 2.12. This was carried out with various standards and all showed 

very low concentration in the centrifugation pellet in the absence of clay. The results for 

heptadecane are shown in Figure 2.13.  

 

Figure 2.12. Flow diagram of the separation process in the standard experiments. 

 

Figure 2.13. Concentration of heptadecane in centrifugation pellet inclusive and non-inclusive of 

clay. 
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It was also determined that the 9:1 DCM: methanol mixture used for extraction in the initial 

experiments resulted in salt being present in the extracts. In order to alleviate this problem, the 

standards were extracted with DCM only. The extraction efficiency of this DCM only method was 

tested and found to be 84%. Where error bars are presented these were calculated for individual 

compounds using the standard deviation of repeats.  

2.3 CEH Work 

2.3.1 Organic matter and mineral sources  

Work undertaken at the Centre of Ecology and Hydrology in Bangor concentrated on studying the 

effect of different organic matter: mineral ratios on binding between different natural mineral 

and organic matter sources. This work focused on the dissolved fraction of the organic matter, 

i.e., able to pass through a GF/C filter with a nominal pore size of 0.45 µm. There are a number of 

classification methods for dissolved organic matter (DOM), such as molecular weight (Arnarson 

and Keil, 2000), photic properties (Ding and Shang, 2010), aromaticity (Mikutta et al., 2007), 

functional groups (Swenson et al., 2015, Lu et al., 2010, Liu and Lee, 2006, Kang and Xing, 2008, 

Ahmat et al., 2015, Aufdenkampe et al., 2001) and DOM source (Satterberg et al., 2003), hence 

comparisons between different studies can be difficult. However, it is unrealistic to measure all of 

these characteristics in all studies because they are both expensive and time consuming. For this 

reason, a classification method based on easily measurable characteristics was developed with 

DOM categorised as terrigenous 1 (T1) , terrigenous 2 (T2) or Autochthonous (A) (Anderson et al., 

2019). DOM T1 is characterised as strongly UV absorbing, younger, more coloured, more reactive 

terrestrial organic matter. That prone to photooxidation and flocculation, but less susceptible to 

microbial degradation, typically released from topsoils. Examples of this include lignin and other 

structural compounds from an upland source. DOM type T2 is weakly UV absorbing, older, less 

reactive and less coloured terrestrial organic matter. That prone to microbial degradation but less 

susceptible to photooxidation and flocculation, these compounds can percolate further down soil 

substrates and can be released from baseflow. Typically derived from arable soils and included 

manmade DOM such as sewage. Examples of compounds include carbohydrates and proteins. 

DOM type A is aquatically produced DOM produced via phytoplankton exudation, zooplankton 

grazing and detritus turnover. These compounds are not susceptible to photo oxidation but are 

semi labile with a turnover of weeks to months.  

In this study, DOM type T1 was collected from the Nant y Brwyn (longitude: -3.802o, latitude:  

52.988o), an undisturbed upland peat stream in Snowdonia Wales, and the organic matter T2 

sample was collected from a more arable setting the Plas Uchaf reservoir (longitude: -3.546o, 
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latitude: 53.229o), near to St Asaph, Wales.  The organic matter A sample came from the 

phytoplankton Tetraselmis suecica, (collection protocol described in section 2.1.1). A suspension 

of 0.33 gL-1 in deionised water was prepared and shaken for 17 hours to allow dissolution of the 

more soluble organic compounds. All three DOM types were then filtered through GF/C filters, 

with a nominal pore size of 0.45 µm. Filtering was completed prior to experiments to obtain the 

dissolved fraction.  

Batch experiments of mineral clay fractions were performed to evaluate the difference between 

true aluminosilicate clays and other minerals of clay size (< 4 µm). Kaolinite and bentonite were 

used to represent the 1:1 and 2:1 clays, respectively; the non-aluminosilicate clay was 

represented by Bangor Soil that was collected from Pontbren, near Llanfair Caereinion, Wales. All 

three minerals were heated to 400°C overnight to remove any native organic matter.  

2.3.2 Instrumentation  

Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) measurements were 

performed using a Thermalox 5001.03 from Analytical Science.  Solutions were acidified, sparged 

with oxygen to remove carbonate, and then calibrated with a 7-point calibration curve.  Four 40 

μL injections were made with an average coefficient of variance of 4 % for carbon and 6 % for 

nitrogen.  Samples above a coefficient of variance of 20 % were repeated. All samples were 

calibrated using an external calibration curve. The specific electrical conductivity (SEC) was 

measured with a Jenway 4320 and the pH with a Metrohm Titrando with an Aquatrode +Pt 1000 

pH electrode.  Anion and cation contents were determined on a Metrohm 930 compact IC flex 

ionic chromatograph calibrated with a 7-point calibration curve.  

Fluorescence Excitation-Emission Matrix (EEM) was used to determine the DOM classifications 

(Lapworth et al., 2008). A Varian™ Cary Eclipse fluorescence spectrometer was used for the 

fluorescence analyses.  Excitation (Ex) wavelengths were set between 200 and 400 nm with a 5 

nm bandwidth and emission (Em) wavelength set between 250 and 500 nm with a 2 nm 

bandwidth.  The scan rate was 9600 nm/min and the PMT voltage was 725 V.  One cm path length 

quartz cells were used.  Ultrapure water (ASTM type I reagent grade water, including a UV 

cracker) was used for the blank samples and to clean the quartz cell between samples.  Post 

processing of the fluorescence data, the blank and the absorbance correction, was carried out 

using the statistical package, R (R-Team, 2008, Lapworth and Kinniburgh, 2009).  

Multivariate techniques are commonly used to evaluate and characterize the complex mixtures of 

fluorescent DOM (fDOM) fractions in environmental waters.  The most common method 

employed is Parallel Factor Analysis (PARAFAC) (Bro, 1997) and is used in this study.  This method 
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decomposes the combined fluorescence signal into individual, distinct modelled components 

(Bro, 1997, Murphy et al., 2013, Stedmon et al., 2003) .  EEM-PARAFAC then models the three-

way (excitation, emission, intensity) EEM data using fitting routines to minimise the sum of 

squares of the residuals (Stedmon and Bro, 2008).  The ‘DOMFluor v1.7’ toolbox(Stedmon and 

Bro, 2008) was used to undertake this analysis, explore the data set and validate the PARAFAC 

modelling.  A three fDOM component model was validated using independent split-half analysis 

of the data set following removal of outlier data which had high leverage (Stedmon and Bro, 

2008). The inclusion of further components could not be validated, and the three component 

model explained 99.5% of the variability in the absorbance corrected EEM data.  The three 

components identified were: Component 1 (C1, Ex/Em: 245-380/416-462 nm), component 2 (C2, 

Ex/Em: 245-345/372-444 nm) and component 3 (C3, Ex/Em: 245-315/314-376 nm).  Based on 

previously reported distributions of Em/Ex these components have been assigned as: C1 humic-

like, C2 fulvic-like, C3 tryptophan-like (Coble, 1996, Chen et al., 2003).   Other DOM characteristics 

were investigated through the use of two further indices: (i) the fluorescence index (FI), which is 

commonly used to differentiate between terrestrial and microbial DOM sources (McKnight et al., 

2001), and (ii) the humification index, an indication of humicity, and the condensing of fluorescing 

molecules (Zsolnay, 2001).  This analysis was carried out by Dr Dan Lapworth at the British 

Geological Survey.  

The mineralogy of the solid phases was again determined by X-ray diffraction (XRD) using a 

Panalytical X'Pert pro diffractometer machine fitted with a Cu X-ray tube, operating at 35 kV, 40 

mA utilising automatic slits and a step size of 0.02º 2 at 1 second/ step.  Semi-quantitative 

analysis was undertaken using a least squares method similar to that used in the Microsoft Excel-

based programs RockJock (Eberl, 2003), and FULLPAT (Chipera and Bish, 2002).  Surface areas 

were determined with nitrogen absorbance using the Brunauer-Emmett-Teller (BET) method on a 

micromeritics 3 flex 3.02 at 77 K  

2.3.3 Analysis of starting material  

The natural organic matter used in the CEH work detailed in chapter 6 was analysed using 

dissolved organic carbon and total nitrogen measurements, as well as conductivity, pH together 

with a number of fluorescence derived indexes. The fluorescence index (FI), which is commonly 

used to differentiate between terrestrial and microbial DOM sources (McKnight et al., 2001), and 

(ii) the humification index, an indication of humicity, and the condensing of fluorescing molecules 

(Zsolnay, 2001). Parallel Factor Analysis (PARAFAC)(Bro, 1997) was used to separate the 

excitation, emission matrix into 3 components, assigned as: humic-like,  fulvic-like and 

tryptophan-like (Coble, 1996, Chen et al., 2003) whose relative concentrations are presented in 
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Raman units. These show the differences between the three DOM types (see Table 2.3). 

Fluorescence index shows all are low in microbial organic matter, but variation is consistent with 

three different sources. The humification index indicates A is the least degraded and T1 is a little 

more degraded than T2. The EEM results also suggest a differing chemical makeup with different 

proportion of the three protein types.  

Table 2.3. Showing the properties of DOM solutions T1, T2 and A.  

Sample T1 T2 A 

DOC/ mgL-1 14.63 14.30 5.8 

TDN mgL-1 0.37 1.96 0.57 

Specific Electrical conductivity/ μScm-1 (salinity/ PSU) 24.5 

(0.019) 

153.4 

(0.076) 

24.5 

(0.019) 

pH 5.65 7.3 6.48 

Fluorescence index 1.04 1.23 0.87 

Humification index 2 0.92 0.89 0.48 

EEM humic 

Fmax/ RU 

3.45 1.87 0.245 

EEM Fluvic 

Fmax/ RU 

4.87 3.12 1.11 

EEM trypophan 

Fmax/ RU 

0.31 0.20 0.57 

Minerals were analysed by XRD to determine composition and BET to determine surface area. The 

X-ray diffraction (XRD) composition of kaolinite was 72.9% kaolinite, 23.8% illite and 6.3% quartz.  

For bentonite the XRD composition was 89.1% montmorillonite (swelling clay), 9% albite, 1.9% 

quartz.  Bangor soil XRD composition was 44.6 % illite, 35.3 % quartz, 10 % smectite 8 % albite, 

2.1 % chlorite, and a clay sized fraction of 39.9 % ±7.8.  The results of BET surface area 

measurements can be seen in Table 2.4.  
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Table 2.4. Surface area and composition of minerals used in CEH experiments. 

Mineral/soil BET Surface area/ m²/g XRD composition  

Kaolinite  16.3 72.9% kaolinite, 23.8% illite 

and 6.3% quartz.   

Bentonite  12.4 89.1% montmorillonite 

(swelling clay), 9% albite, 

1.9% quartz 

Bangor soil  18.3 44.6 % illite, 35.3 % quartz, 

10 % smectite 8 % albite, 

2.1 % chlorite 

2.3.4 Experimental set up 

For the incubation experiments, the starting DOM solutions were first adjusted to the required 

salinity. For riverine samples, no adjustment was required. For marine samples, artificial sea salt 

made according to (Subov, 1931) was added to give a salinity of 30. These solutions were allowed 

to stand for 15 minutes before being filtered through GF/C filters with a nominal pore size of 0.45 

µm. Three aliquots of this starting solution were set aside to measure DOCinitial. 30 mL of DOM 

solution were added to centrifuge tubes containing the appropriate mass of mineral. Tubes were 

shaken for 2 hours before being filtered through Whatman GF/C filters (0.45 µm) prior to analysis 

by DOC, giving DOCfinal. This process is illustrated in Figure 2.14. Analysis was generally conducted 

within 3 hours. In a few instances when this was not possible samples were stored at 4 °C and 

analysed within 24 hours. Storage at this temperature over these timescales has previously been 

shown to reduce any degradation to below detectable level (Peacock et al., 2015). 



Chapter 2 

31 

 

Figure 2.14. Flow diagram of the reaction, separation and analysis process in CEH work. 

2.4 Conclusion  

This chapter has outlined the methods that were used to investigate organic matter mineral 

bonding within this study. Sensitivity experiments (Figure 2.6, Figure 2.7 and Figure 2.13) indicate 

that these methods are capable of separating bound and unbound organic matter, including 

particulate organic matter. These methods also allow a range of organic matter, minerals and 

conditions to be investigated. In addition, the starting materials were successfully characterised, 

demonstrating that they represent a variety of organic matter and mineral source representative 

of the marine environment.  
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Chapter 3 Importance of Organic matter type on the 

extent of organic matter-mineral sorption  

3.1 Introduction  

The aim of this study is to investigate the effect of functional group and molecular weight on 

organic matter- mineral interactions under different organic matter-mineral ratios.  

In marine sediments, the burial of organic matter is a major link between the active surficial 

carbon pools in the ocean, atmosphere and land and the pools that cycle on geological (10^5) time 

scales (i.e., sedimentary rocks), playing a role in controlling CO2 and O2. The majority of organic 

matter preserved within sediments is intimately associated to the mineral matrix through 

sorption on clay minerals and metal oxides (Keil and Hedges, 1993). Organic matter preservation 

is dependent on its type  (Kang and Xing, 2008, Swenson et al., 2015, Aufdenkampe et al., 2001, 

Lu et al., 2010, Ahmat et al., 2015, Newcomb et al., 2017), the strength of organic matter-mineral 

interactions,  and the time scales involved (Henrichs, 1995). Previous studies have either 

concentrated on a specific subset of organic compounds (such as humic acids) or on natural 

samples of organic matter, which contain a wider range of functional groups. The analytical 

method used to identify organic matter type can be biased towards certain organic matter types, 

for example GC-MS will only reveal compounds that are sufficiently volatile,  i.e., the compounds 

that are observed to be binding may not be the only ones that are binding. In addition, with 

natural organic matter samples, the amount of organic matter of a specific type that binds is also 

influenced by its abundance in the environment (Ahmat et al., 2015). This study adopted an 

approach that included a range of organic compounds representing different functional groups 

added to minerals in equimolar quantities to isolate the effect of abundance on binding 

preferences.  

3.2 Method 

 The methodology used in this investigation is detailed in Chapter 2. In brief the compounds in 

Table 2.1 were added, both individually and in combination, to a suspension of kaolinite. Sorption 

was monitored by isolating the kaolinite using centrifugation. The organic matter associated with 

the kaolinite was extracted using solvent extraction and analysed by GC-MS.  
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3.3 Results and discussion  

3.3.1 Individual compounds  

Initial experiments concentrated on six compounds: anthracene, carbazole, heptadecane, 

hexadecanol, octadecanamide and stearic acid, representing the organic matter classes: aromatic, 

aromatic and nitrogen-containing, alkane, alcohol, amide and fatty acid, respectively. When 

added to kaolinite individually, the results plot differently per compound (Figure 3.1).  

 

Compound  Formula  Line of best 
fit  

R2 

value 

Anthracene ▪ 

 

y = 0.6912x - 
0.1559 

 0.98 

 

Carbazole ● 

 

y = 0.4745x - 
0.0851 

 0.87 

 

Heptadecane    y = 0.0197x + 
0.0352 

 0.28 

 

0

0.5

1

1.5

2

2.5

0 0.5 1 1.5 2 2.5 3 3.5

O
rg

an
ic

 m
at

te
r 

b
o

u
n

d
/ 

m
gC

m
-2

Organic matter added/ mgCm-2

S_An

S_Car

S_Hept

S_Hex

S_Oct

S_Ste



Chapter 3 

35 

Hexadecanol     y = 0.0283x + 
0.0946 

0.35 

 

Octadecanamide  

 

y = 0.179x + 
0.027 

0.75 

 

Stearic acid   

 

y = 0.0457x - 
0.0089 

 0.90 

 

Figure 3.1. Sorption of individual compounds to kaolinite. Units in mg of carbon per metre squared 

of mineral surface. An-Anthracen, Car-Carbazole, Hept-Heptadecane, Hex-

Hexadecanol, Oct-Octadecanamide and Ste-Stearic acid.  

The greatest sorption is shown by the two aromatic compounds; anthracene and carbazole. 

Octadecanamide shows intermediary sorption; hexadecanol, stearic acid and heptadecane show 

the poorest sorption. This result differed from previous studies which report preferential sorption 

with polar compounds, particularly those containing nitrogen (Ahmat et al., 2015, Kang and Xing, 

2008, Newcomb et al., 2017, Aufdenkampe et al., 2001). Poor sorption of heptadecane is 

consistent with previous studies that show poor interactions of alkanes with mineral surfaces 

(Newcomb et al., 2017, Lu et al., 2010). The tendency for greater sorption of nitrogen-containing 

compounds explains the greater sorption of octadecanamide than hexadecanol, stearic acid and 

heptadecane. However, this effect is not observed in the aromatic compounds as the nitrogen-

containing carbazole shows poorer sorption than anthracene. This indicates that the aromatic 

nature of these compounds may be of greater importance than the presence of the nitrogen in 

the organic matter. Although this strong preference for aromatic compounds has not been 

reported previously, Swenson et al. (2015) found some preference for aromatic compounds. 

However greater sorption was shown by phosphate and dicarbonyl groups (Swenson et al., 2015). 

This difference may result from a difference in the mineral used in this study (e.g., Swenson used 

goethite as opposed to kaolinite); alternatively it may reflect a greater abundance of phosphate 

and dicarbonyl compounds in the bacterial metabolites used by Swenson et al.  

A low concentration or complete lack of aromatic compounds in previous studies, may explain 

why they have rarely been found to be important.  A number of studies did not use aromatic 

compounds (Lu et al., 2010, Newcomb et al., 2017), and others had only a low proportion of 

aromatic compounds (Swenson et al., 2015, Ahmat et al., 2015, Aufdenkampe et al., 2001). This is 

partially due to aromatic compounds constituting a small proportion of naturally occurring 

organic matter (Hedges et al., 2001), although aromatic compounds are an important component 

of humic acids (Kang and Xing, 2005). However, Wang and Xing found that it was aliphatic and not 

aromatic humic acids that bound more readily to clay minerals (Wang and Xing, 2005).  This could 
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be due to a difference in size between the small compounds used here and macromolecules (e.g., 

humic acids). The increased bulk of aromatic humic compounds may make it harder for them to 

approach in the mineral surfaces. A final consideration is that in the current study compounds 

were exposed to the mineral individually without competition from other compound types. This 

may explain some of the differences noted. In order to investigate this possibility later 

experiments exposed the six compounds to the mineral surface in a combined fashion (i.e., with 

all six compounds present in the same solution; see Section 3.3.2).  

Previous studies observed that molecular weight, as well as functional groups, can impact organic 

matter-mineral binding (Arnarson and Keil, 2000). To further investigate this effect, sorption of 

three fatty acids of different chain lengths was explored. The use of fatty acids with differing chain 

length allows for comparison of compounds which are of differing molecular weight, but similar 

functionality. This removes the effect of higher molecular weight compounds often containing a 

larger number of functional groups within natural organic matter. The fatty acids used were 

behenic acid (molar mass: 340.58 gmol-1, C22H44O2), stearic acid (molar mass: 284.48 gmol-1 

C18H36O2) and palmitic acid (molar mass: 256.43 gmol-1 C16H32O2). Results are reported in Figure 

3.2. All three compounds show increased sorption as higher concentrations are added, with a 

linear response being shown by behenic and stearic acid. Palmitic acid sorption appears to level 

off at the highest concentrations. For a given amount of each compound added, the greatest 

sorption is shown by behenic acid, followed by stearic acid and then palmitic acid. At the lower 

concentrations, this difference in sorption is within experimental error for all three compounds 

but at the higher concentrations only the difference between behenic and stearic acid are within 

experimental error.  
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Compound Formula  Line of best 
fit 

R2 

value 

Behenic acid ▪ 
 

y = 0.0448x 
+ 0.0098 

0.98 

Stearic acid ●  

 

y = 0.0457x 
- 0.0089 

0.99 

Palmitic acid  

 

Poor 
correlation 

 

Figure 3.2. Sorption of fatty acids to kaolinite in units of mg of carbon per metre squared of 

mineral surface. Ben-behenic acid, Palm-Palmitic acid, Ste-stearic acid. 

The greatest sorption shown by behenic acid, followed by stearic acid and palmitic acid showing 

the least sorption suggests that the increased sorption previously noted for higher molecular 

weight compounds likely results from factors additional to increased functional groups. The 

increased sorption may be caused by the larger fatty acids being more hydrophobic or because 

higher molecular weight compounds are able to form stronger Van De Waal interactions. The 

nature of interactions between the organic matter and the mineral is investigated further in 

Chapter 4.  
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3.3.2 Combined compounds  

In combined experiments all six compounds (anthracene, carbazole, heptadecane, hexadecanol, 

stearic acid and octadecanamide) were present in equimolar quantities when exposed to 

kaolinite. This was carried out at two different organic matter concentrations with three repeats 

at each concentration. Figure 3.3  shows how the amount of organic matter sorbed increases as 

more organic matter is added, as Figure 3.1 did for the single compound experiments. This shows 

that the variation between the six compounds is much reduced in the combined experiments 

compared to the single compound experiments. Figure 3.4 shows the average percentage of 

organic matter added that binds to kaolinite for the six compounds in both the combined and 

single compound experiments. This shows that for all the compounds, except anthracene, much 

greater sorption is achieved in the combined experiments than in the single compound 

experiments. Whilst anthracene shows similar sorption in both experiments.   
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Compound  Formula  

Anthracene ▪ 

 

Carbazole ● 

 

Heptadecane    

Hexadecanol     

Octadecanamide  

 

Stearic acid   

 

Figure 3.3. Sorption of competing compounds to kaolinite. An-Anthracene, Car-Carbazole, Hept-

Heptadecane, Hex-Hexadecanol, Oct-Octadecanamide and Ste-Stearic. 
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Figure 3.4 showing the average percentage of added organic matter sorbing to kaolinite 

This result implies that the presence of multiple types of organic matter promotes sorption, rather 

than the different types competing. Secondly the minimal variation between the sorption of all six 

compounds should be noted. This differs from the single compound experiments where the two 

aromatic compounds showed notably greater sorption. Stearic acid and heptadecane show a 

slightly lower sorption, but the variation is less than in the single compound results. A possible 

explanation for this observation is that the aromatic compounds are binding to the clay surface 

and the non-aromatic compounds are binding to the aromatic compounds. As can be seen in 

Figure 3.5, the difference in the amount of binding shown by the aromatic compounds in the 

combined experiments and the single compound experiments is minimal.  To test this, the 

sorption experiments were repeated with only the four non-aromatic compounds (Figure 3.6). 

Figure 3.7 compares the average percentage of organic matter added which sorbes to the mineral 

kaolinite for the single combined and combined-aromatic experiments.  

0

10

20

30

40

50

60

70

80

90
%

 s
o

rb
ed

 

Single compound experiment 

Combined compound experiment 



Chapter 3 

41 

 

 

a.  
Anthracene 

 

Single ● 
Combined

 
 

b. 

carbazole 
Single ● 

Combined

 

 

Figure 3.5 a) and b). Sorption of aromatic compounds in the presence and absence of competing 

molecules. Units are mg of carbon per metre squared of mineral surface. An-

Anthracene, Car-Carbazole, S-single, compound present in isolation, C-combined, 

anthracene, carbazole, heptadecane, hexadecanol, octadecanamide and stearic acid 

all present in solution. 
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a. 
Heptadecane 

Single 
● Combined

 

Combined-
aromatic  

 
b. 

Hexadecanol 
Single 

● 

Combined

 
Combined-
aromatic  

 
       

 

c. 
Octadecanamide 

Single 
● Combined

 

Combined-
aromatic  

 
d. 

Steric acid 

Single 
● Combined

 

Combined-
aromatic  

 

Figure 3.6 a, b, c and d. Sorption of non-aromatic compounds to kaolinite in the presence and 

absence of competing molecules. Units are in mg of carbon per metre squared of 

mineral surface. Hept-Heptadecane, Hex-Hexadecanol, Oct-Octadecanamide, Ste-

Stearic acid, S-single, compound present in isolation, C-combinded, anthracene, 

carbazole, heptadecane, hexadecanol, octadecanamide and stearic acid all present in 

solution.C-Combined minus aromatic, , heptadecane, hexadecanol, octadecanamide 

and stearic acid all present in solution. 
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Figure 3.7 showing the average percentage of added organic matter sorbing to kaolinite 

The absence of aromatic compounds results in reduced sorption, however sorption is still higher 

than compounds sorbed in isolation. The combined results in absence of aromatics show greater 

similarity to the combined with aromatic results than to the single compound data. These results 

suggest that the presence of the aromatic compounds alone is not the cause of the increased 

sorption. A possible explanation is that the presence of additional organic matter does not 

directly cause increased binding by one type binding to the mineral and another binding to that. 

Rather, it may be purely a solubility effect. The increased overall concentration of compounds in 

solution may be causing the compounds to move to the sorbed phase. This effect will be 

increased by these compounds being only sparingly soluble in water. To test this hypothesis, 

combined without aromatic experiments were performed at different volumes. This involved 

keeping the organic matter: mineral ratio the same whilst varying the volume of seawater added, 

in order to change the concentration of the organic matter in solution. If the increased sorption is 

caused by decreased solubility, then there should be greater sorption seen at lower volumes. 

Results of this experiment can be seen in Figure 3.8. 

 

Combined compound experiment 

Single compound experiment 

Combined-aromatic experiment 
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a. Heptadecane  
Combined  

25 mL ▪ 
 Combined  

50 mL  

 
Combined 
100 mL   

Single  

100 mL  ●  

 b. Hexadecanol   
Combined  

25 mL ▪ 
 Combined  

50 mL  

 
Combined 
100 mL   

Single  

100 mL  ●  

c.  
octadecanamide  

Combined  

25 mL ▪ 
 Combined  

50 mL  

 
Combined 
100 mL   

Single  

100 mL  ●  

d. stearic acid  
Combined  

25 mL ▪ 
 Combined  

50 mL  

 
Combined 
100 mL   

Single  

100 mL  ●  

 

Figure 3.8 a, b, c and d. Effect of volume on degree of sorption in four non-aromatic compounds 

when added competitively. Sorption when compounds added singly added for 

comparison. 
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All compounds at all volumes show a positive correlation between the amount of organic matter 

added and the amount of organic matter bound. All four compounds show the greatest sorption 

where the experimental volume is 50 mL. In the heptadecane this sorption is much greater than 

the sorption shown at 25 and 100 mL which show a greater resemblance to the single compound 

results. This suggests there may be some experimental errors in the data. Possibly the volatile 

nature of heptadecane resulted in partial evaporation in the 100mL and 25mL samples during the 

extraction. Alternatively, it may be that the 50 mL sample was contaminated at some point 

resulting in a higher concentration.  In Hexadecanol the second greatest sorption is shown in the 

100 mL experiment with 25 mL showing the least sorption of the 3 volumes but greater sorption 

than hexadecanol in the single compound experiments. This pattern is repeated for the 

octadecanamide experiment. However, in the stearic acid experiment 25 mL and 100 mL show 

similar responses but with a slightly greater sorption in 25 mL than 100. Overall, lower volumes do 

not show increased sorption. This suggests that increased sorption in the combined samples is not 

due only to the increased concentration making sorption more favourable, strongly suggesting 

that in the combined samples, the six compounds are actively promoting binding and not 

competing with each other to bind to the mineral. This is consistent with previous studies that 

have suggested that organic matter within marine sediments is preserved as part of a complex 3D 

structure (Liu and Lee, 2006). This structure has been demonstrated to be easily affected by 

environmental conditions, such as drying and rewetting. This 3D structure may also explain the 

stronger sorption of hydrophobic compounds when hydrophilic compounds have previously been 

found to be preferable.  

In order to further investigate whether a 3D structure is responsible for the increased sorption 

shown in the combined experiments the percentage of organic matter sorbed at different organic 

matter concentrations was compared in Figure 3.9 and Figure 3.10. A flat line or a line with a 

positive gradient indicates that the organic matter binding sites on the mineral are not reaching 

saturation because as more organic matter is added the same or a higher percentage of organic 

matter is able to bind. However, a negative gradient suggest that saturation has been reached 

because when more organic matter is added the same percentage is no longer able to bind.  In 

the single compound experiments a negative gradient can be seen in heptadecane, 

octadecanamide and hexadecanol suggesting that these are reaching saturation at the higher 

concentrations. Whereas the remaining three compounds show a positive gradient, suggesting 

saturation has not been reached. In the combined experiments all six compounds show a positive 

gradient meaning saturation is not reached. This implies that the hexadecanol, octadecanamide 

and heptadecane are binding to different sites in the combined experiments than in the single 
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experiments, this would be consistent with a  3D structure in which some compounds bind to the 

mineral and others bind to those compounds.  

 

Figure 3.9 showing the percentage  of organic matter sorbed for different amounts of organic 

matter added in single compound experiments  
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Figure 3.10 showing the percentage of organic matter sorbed for different amounts of organic 

matter added in combined compound experiments.  
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The promotion of sorption by the presence of a wide range of organic compounds may explain 

why previous studies, on a more limited range of organic compounds have generally found a 

lower organic matter-mineral ratio than that observed in natural sediments (Mayer, 1994a, Mayer 

et al., 1988, Arnarson and Keil, 2000, Drouin et al., 2010). Indeed the overall organic matter 

mineral ratio achieved in the combined experiments is 12.14 mgCm-2 which is almost ten times 

the 1.5 mgCm-2, which is typically found in natural samples (Mayer et al., 1985). There are two 

likely causes. Firstly, this experiment had a relatively short incubation time and there will have 

been minimal bacterial degradation of the organic matter mineral complexes as shown in Figure 

2.8. Both sorption to and aggregation with minerals has been shown to reduce microbial 

degradation of organic matter (Arnarson and Keil, 2005, Ding and Henrichs, 2002). This is because 

both processes make the organic matter physically inaccessible to microbes and their enzymes, 

however if this organic matter is weakly or reversibly bound the organic matter will be able to 

desorb and be degraded (Saidy et al., 2015). The strength of the organic matter-mineral 

interactions in this study was not determined meaning that it is possible that under natural 

conditions a portion of the organic matter bound in these experiments would desorb and be 

degraded. Secondly, because of the aim to untangle the effects of availability and interaction 

strength the compounds, those compounds present are not in their natural proportions. In this 

experiment the proportion of aromatic compounds, which were found to bind most readily, was 

higher than in natural samples, whereas compounds which were found to bind less readily, such 

as alkanes and fatty acids are generally more common.  

3.4 Conclusion  

This study demonstrates that organic matter type is an important factor in determining the 

amount of sorption to the mineral kaolinite. Sorption of individual compounds allowed 

investigation into the extent these compounds bound in isolation without factors such as 

abundance and competition. Aromatic compounds were found to show the greatest sorption, 

followed by nitrogen-containing octadecanamide. As a results aromatic compounds may be 

preferentially preserved within marine sediments and aromatic concentrations found in marine 

sediments may not be indicative of original marine concentrations. Preference for higher 

molecular weight compounds is caused by factors other than increased functional groups. When 

the compounds were exposed to the mineral competitively, in equimolar proportions, binding of 

organic matter of different types is complementary rather than competitive. This suggests that 

organic matter preservation within minerals is via the formation of 3D structures that include 

organic matter binding to both minerals and to other organic matter. Thus, the nature of both the 

mineral and the organic matter already present in sediments should affect interactions with any 
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further organic matter in the environment. Therefore, the preservation of organic matter will be 

affected not only by its own nature and that of the mineral it is binding to, but also by the nature 

of any organic matter present at the point of sorption.  





Chapter 4 

51 

Chapter 4 Mechanism of organic matter mineral 

bonding  

4.1 Introduction  

 Organic matter (OM) describes a diverse continuum of organic compounds many of which hold a 

great deal of information about the life that formed them. These compounds are widely variable 

in composition and in properties, such as their inherent stabilities and turnover rates during the 

processes of sedimentation, diagenesis, and lithification. The stability, cycling, and preservation of 

OM in sediments can be enhanced by the formation of various organic-mineral interactions 

between OM particles and the surface of minerals  (Henrichs, 1995). Six main mechanisms are 

important to these interactions: ligand exchange, cation bridging, anion exchange, cation 

exchange, Van der Waals interactions and hydrophobic effects (Arnarson and Keil, 2000). Ligand 

exchange is the strongest of these interactions and involves the replacement of a hydroxyl group 

on the mineral surface with the OH group of an organic compound, such as an alcohol or fatty 

acid (Davis, 1982, Gu et al., 1995). Cation bridging involves electrostatic interactions between the 

negative surface on clays and negatively charged organic matter via solution cations, which may 

still be hydrated, thus resulting in the formation of hydrogen bonds (Greenland, 1971). Anion and 

cation exchange entail the replacement of inorganic ions on the mineral surface with organic 

species (Greenland, 1971, Wang and Lee, 1993). Van der Waals interactions are weak, short range 

inter-molecular interactions that are stronger in larger molecules with more non-valence 

electrons (Rashid et al., 1972, Preston and Riley, 1982). Hydrophobic interactions are purely 

entropy driven and involve nonpolar molecules being absorbed onto the mineral surfaces from 

the water (Delle Site, 2001).  

To investigate the contributions of these mechanisms, different solution conditions have been 

employed to promote or inhibit a selection of the above mechanisms. These experiments have 

been carried out for a variety of different natural materials. Organic matter (OM) extracted from 

porewater with montmorillonite (Arnarson and Keil, 2000); humic acids with montmorillonite and 

kaolinite (Feng et al., 2005); and soil organic matter with goethite, pyrophyllite and vermiculite 

(Mikutta et al., 2007). These studies suggest that ligand exchange, cation bridging, and Van der 

Waals interactions are important in organic matter-mineral interactions. It remains unclear 

however, whether the different mechanisms have been promoted by differences in the organic 

molecules or by difference in the minerals to which they bind. To better understand these 

mechanisms, the current study examined the binding of six model compounds (anthracene, 
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carbazole, heptadecane, hexadecanol, octadecanamide and stearic acid) to kaolinite, one of the 

most ubiquitous clay minerals in marine sediments (Porrenga, 1967).  

 

4.2 Material and Methods  

Adsorption experiments were carried out as detailed in Chapter 2. In brief the compounds in 

Table 2.1 were added individually to a suspension of kaolinite and sorption was monitored. 

Kaolinite was isolated by centrifugation, extracted and the extract analysed by GC-MS. Baseline 

experiments were carried out in artificial seawater created according to Subov (1931), ionic 

strength 0.5, at 20°C and pH 9.  Conditions were varied to investigate the different mechanisms as 

follows. Ionic strength was varied from 0.1- 0.5; lower ionic strength increases the size of the 

double layer around the clay mineral making it harder for molecules to approach thus reducing 

Van der Waals interactions. However, the reduction in competing ions means that anion and 

cation exchange can be promoted by reduced ionic strength. pH was varied from 3 to 9 to allow 

investigation of hydrophobic interactions, which are promoted in acid molecules at lower pH 

values because they become protonated and less charged. However, the picture is complicated by 

the minerals’ pH dependent charge.  The ionic composition was also varied at a marine ionic 

strength, with artificial sea water being replaced by a CaCl2 solution, a Na2SO4 solution and a NaCl 

solution. CaCl2 solution was used to promote cation bridging as the 2+ Ca ions are more 

favourable than 1+ Na. Na2SO4 solution was used to inhibit ligand exchange as the SO4
2- ions can 

outcompete organic ions. NaCl solution was used to provide a background as neither Na+ nor Cl- 

should impact the binding mechanism. Finally, the sorption isotherms were repeated at 11°C to 

enable an estimate of the enthalpy of bonding. This was done by regression on Cdissolved versus 

Csorbed at equilibrium to give the equilibrium constant in accordance with Freundlich constant 

partition model Equation 4.1. The negative of the natural log of this equilibrium constant was 

then plotted against the reciprocal of the temperature in Kelvin allowing the enthalpy to be 

calculated from the gradient, in accordance with the Van’t Hoff equation Equation 4.2. Initial 

organic matter concentrations were unchanged for the ionic composition, ionic strength and pH 

experiments, but were varied in the temperature experiments to investigate Keq. 

Equation 4.1 

𝐶𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 = 𝐾𝑒𝑞𝐶𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 



Chapter 4 

53 

Equation 4.2 

𝑑𝑙𝑛𝐾𝑒𝑞

𝑑𝑇
=

∆𝐻

𝑅𝑇2
 

 

4.3 Results and discussion  

4.3.1 Ionic composition  

Ionic composition data can be used to determine whether ligand exchange or cation bridging are 

important bonding mechanisms in the bonding of different organic compounds to kaolinite. 

Na2SO4 inhibits ligand exchange as the SO4
2- ions can out compete organic ions, meaning that 

decreased sorption in the Na2SO4 solution can indicate ligand exchange as an important 

mechanism. CaCl2 promotes cation bridging as the 2+ Ca ions are more favourable than 1+ Na, 

meaning increased sorption with CaCl2 can indicate cation bridging is an important mechanism.  

The effect of different ionic compositions on anthracene is shown in Figure 4.1. Anthracene shows 

greatest sorption in Na2SO4, followed by NaCl and CaCl2 showing very similar sorption to NaCl. This 

suggests that neither ligand exchange nor cation bridging are important mechanisms for 

anthracene. This is because for ligand exchange it would be expected that Na2SO4 would decrease 

sorption, and for cation bridging CaCl2 should increase sorption. Neither of which is seen here.  

In carbazole (Figure 4.2) the greatest sorption is seen in CaCl2 followed by NaCl with the least 

sorption seen in Na2SO4. Although the difference is minimal, this is consistent with ligand 

exchange and cation bridging, the decreased sorption with Na2SO4 supporting ligand exchange 

and the increased sorption with CaCl2 supporting cation bridging. However, as carbazole is 

uncharged, cation bridging is an unlikely mechanism. Aromatic compounds are able to act as 

ligands using their aromatic electrons to donate electron density to metal ions, meaning ligand 

exchange is a possible mechanism.  

Heptadecane (Figure 4.3) shows greatest sorption in Na2SO4, followed by NaCl with CaCl2 showing 

the least sorption, indicating that neither cation bridging, nor ligand exchange are important in 

heptadecane binding to kaolinite. As in anthracene, the expected decrease in sorption with 

Na2SO4 for ligand exchange and the increase with CaCl2 if cation bridging was important are not 

seen.   

Hexadecanol (Figure 4.4) shows the same pattern as anthracene and heptadecane with greatest 

sorption in Na2SO4, followed by NaCl, followed by CaCl2. Implying that as in these two compounds 
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neither ligand exchange nor cation bridging are important mechanisms in the binding of 

hexadecanol to kaolinite. 

In octadecanamide (Figure 4.5) greatest sorption is shown in NaCl, then Na2SO4, with CaCl2 

showing the least sorption.  The decreased sorption seen with Na2SO4, suggests some ligand 

exchange may be present although the reduction relative to NaCl is within experimental error. 

Cation bridging is not an important mechanism as CaCl2 shows reduced sorption.  

Stearic acid (Figure 4.6) shows the greatest sorption in Na2SO4, followed by NaCl and CaCl2. As 

seen in anthracene heptadecane and hexadecanol, as in these three compounds this suggests that 

neither ligand exchange nor cation bridging are important mechanism in stearic acid.  

 

 

Figure 4.1. Sorption of anthracene to kaolinite in solutions of different ionic compositions. 
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Figure 4.2. Sorption of carbazole to kaolinite in solutions of different ionic compositions. 

 

Figure 4.3. Sorption of heptadecane to kaolinite in solutions of different ionic compositions. 
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Figure 4.4. Sorption of hexadecanol to kaolinite in solutions of different ionic compositions. 

 

Figure 4.5. Sorption of octadecanamide to kaolinite in solutions of different ionic compositions. 
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Figure 4.6. Sorption of stearic acid to kaolinite in solutions of different ionic compositions. 
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molecule meaning anion and cation exchange are unlikely. Given this it is likely that the shape of 

the graph is the result of experimental error.   

In heptadecane highest sorption is shown at the lowest ionic strength with the next lowest ionic 

strength showing much lower sorption but then increasing with increased ionic strength at higher 

ionic strengths (Figure 4.9). The general trend for increased sorption at higher ionic strength 

implies Van der Waals interactions may be important. However, the difference between the 

sorption at different strengths is minimal and within experimental error.  

Hexadecanol generally shows a trend of increased sorption at lower ionic strength, although the 

lowest ionic strength plots slightly below the previous point, but within experimental error (Figure 

4.10). This suggest that anion exchange may be an important mechanism, with the lone pair on 

the oxygen enabling electron density donation onto the mineral surface.  

Octadecanamide ionic strength data shows a curve shape with poor sorption seen at both high 

and low ionic strength (Figure 4.11). This is likely because ionic strength has a minimal effect on 

the strength of interaction. Suggesting, that neither anion/cation exchange nor Van der Waals 

interactions are important bonding mechanism in octadecanamide.  

Stearic acid shows a strong trend of decreasing sorption at higher ionic strength (Figure 4.12). This 

suggests that anion exchange is important whereas Van der Waals interactions are not. With a pKa 

of 4.75, stearic acid will be deprotonated and therefore negatively charged at pH 9 of artificial sea 

water, allowing interaction by anion exchange.  
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Figure 4.7. Sorption of anthracene to kaolinite at different ionic strengths.  

 

Figure 4.8. Sorption of carbazole to kaolinite at different ionic strengths. 
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Figure 4.9. Sorption of heptadecane to kaolinite at different ionic strengths. 

 

Figure 4.10. Sorption of hexadecanol to kaolinite at different ionic strengths. 
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Figure 4.11. Sorption of octadecanamide to kaolinite at different ionic strengths. 

 

Figure 4.12. Sorption of stearic acid to kaolinite at different ionic strengths. 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 0.1 0.2 0.3 0.4 0.5 0.6

O
rg

an
ic

 m
at

te
r 

b
o

u
n

d
 m

gC
m

-2

Ionic strength/ mol/kg

Octadecanamide

0

0.5

1

1.5

2

2.5

3

3.5

0 0.1 0.2 0.3 0.4 0.5 0.6

O
rg

an
ic

 m
at

te
r 

b
o

u
n

d
 m

gC
m

-2

Ionic strength/ mol/kg

Stearic acid



Chapter 4 

62 

4.3.3 pH 

The pH experiments allow investigation of hydrophobic interactions. Hydrophobic interactions are 

promoted in acid molecules at lower pH values because they become protonated and less 

charged. However, the picture is complicated by the minerals’ pH dependent charge. The point of 

zero charge of kaolinite is approximately pH 3 (Tschapek et al., 1974). This means that above this 

point the mineral surface will become increasingly negatively charged, whereas below this point it 

will become increasingly positively charged.  

Anthracene sorption at different pH values is very similar but with a slight increase at lower pH 

values (Figure 4.13).  Anthracene has no acidic hydrogens, suggesting that this slight increase is 

due to the negative surface charge of kaolinite being reduced at lower pH values (Tschapek et al., 

1974). 

Carbazole shows reduced sorption at the higher pH values (Figure 4.14). This is likely to be due to 

protonation of the mineral at lower pH values as in anthracene. 

In heptadecane sorption is again reduced at higher pH values as in the aromatic compounds this is 

likely to be due to protonation of the mineral at lower pH values (Figure 4.15).  

Hexadecanol shows greater sorption at lower pH values (Figure 4.16). Although hexadecanol is 

capable of both protonation and deprotonation this is again likely to be due to protonation of the 

mineral surface. The point of zero charge in kaolinite is approximately pH 3 (Tschapek et al., 

1974), the pKa and pKb of hexadecanol are 16.70 and -1.99, respectively. Therefore, in this pH 

range the compound will remain neutral. The increased sorption at lower pH is likely due to a 

more neutral surface being easier to approach for the high electron density OH group of 

hexadecanol. 

Octadecanamide also shows better sorption at lower pH values (Figure 4.17). As in hexadecanol 

although octadecanamide is a weak base, it is likely this is due to reduction of the surface charge 

on the kaolinite. Octadecanamide has a pKb of around – 0.5, so it is unlikely to be protonated, 

however the reduction in the mineral surfaces negative charge will make bonding more 

favourable.  

As with previous compounds stearic acid shows increased sorption at lower pH values (Figure 

4.18). However, with a pKa of 4.75, stearic acid deprotonated will occur within this pH range. At 

pH 9 of artificial sea water it will be negatively charged but at pH 3, stearic acid begins to be 

protonated. Therefore, the slightly increased binding at lower pH is likely to be due to protonation 

of the mineral allowing the negatively charged stearic acid to approach more easily. 
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Figure 4.13. Sorption of anthracene to kaolinite at different pH. 

 

Figure 4.14. Sorption of carbazole to kaolinite at different pH. 
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Figure 4.15. Sorption of heptadecane to kaolinite at different pH. 

 

Figure 4.16. Sorption of hexadecanol to kaolinite at different pH 
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Figure 4.17. Sorption of octadecanamide to kaolinite at different pH. 

 

Figure 4.18. Sorption of stearic acid to kaolinite at different pH. 
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4.3.4 Temperature   

Repeating the sorption isotherms at a second temperature allows an estimation of enthalpy of 

bonding.  

In anthracene both temperatures show a linear response with sorbed organic matter increasing 

with increased dissolved organic matter (Figure 4.19). The steeper gradient is seen at 20C rather 

than 11C, showing that the enthalpy of sorption will be positive. Calculation using the Arrhenius 

equation gives a value of 30.1KJmol-1. 

In carbazole as in anthracene a linear response is shown at both temperatures, however the 

gradient is steeper at the lower temperature of 11C (Figure 4.20). This gives a negative enthalpy 

which can be calculated as -59.7 KJmol-1.  

In heptadecane the response at 20C shows a high degree of spread from the line of best fit 

questioning whether this is a truly linear response (Figure 4.21). Whereas the 11 C data does fit 

well. The higher gradient at the higher temperature means that the enthalpy is positive at 128.7 

KJmol-1.  

Hexadecanol shows a poor correlation in the 11C isotherm but all points are higher than 

corresponding points at 20C (Figure 4.22). This means that the enthalpy will be negative. It was 

calculated at -96.5 KJmol-1; however, the poor correlation means this number will have a high 

degree of error associated.  

In octadecanamide the data for both temperatures are very similar and well within experimental 

error, suggesting that to obtain a reliable value for the enthalpy of bonding a wider temperature 

range is needed (Figure 4.23). However, 20C shows a slightly higher gradient, and the enthalpy 

can be calculated as 1.47 KJmol-1. 

In stearic acid both temperatures show good correlation with increased sorption with increased 

dissolved matter (Figure 4.24). Values at the 2 temperatures are similar but less so than in 

octadecanamide and not within experimental error at the higher values. A steeper gradient is 

show by the 20C data giving a positive enthalpy determined to be 40KJmol-1. 

Overall, these calculations would be improved if they were repeated over a wider temperature 

range with a larger number of isotherms at different temperatures. However, these results should 

give an indication of the sign and magnitude of the enthalpy of bonding.  
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Figure 4.19 Anthracene isotherm at 11°C and 20°C. 

 

Figure 4.20 Carbazole isotherm at 11°C and 20°C. 
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Figure 4.21 Heptadecane isotherm at 11°C and 20°C. 

 

Figure 4.22 Hexadecanol isotherm at 11°C and 20°C. 
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Figure 4.23 Octadecanamide isotherm at 11°C and 20°C. 

 

Figure 4.24 Stearic acid isotherm at 11°C and 20°C. 
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4.3.5 Implications for mechanism  

Combining the different conditions allows an estimation of the mechanisms involved in the 

binding of the different compounds to kaolinite.  

In anthracene the ionic composition data suggests that neither ligand exchange nor cation 

bridging are important mechanisms for anthracene. Increased sorption at higher ionic strength 

suggests that Van de Waals interactions are important, but that anion and cation exchange are 

not. This is to be expected as anthracene is an uncharged molecule. Anthracene also has no acidic 

hydrogens, suggesting that the slightly increased sorption at lower pH is likely due to the negative 

surface charge of kaolinite being reduced at lower pH values (Tschapek et al., 1974). The enthalpy 

of interaction is positive, suggesting this is an entropy driven reaction, implying that the main 

operating mechanism is hydrophobic interactions, rather than Van der Waals interactions which 

are enthalpy favourable. However, the enthalpy data was only calculated with two similar 

temperatures which is likely to have reduced its accuracy. Also, the increased sorption of aromatic 

compounds shown in Chapter 3 suggest that Van der Waal interactions are likely to be important 

because the delocalised electrons in aromatic compounds allow them to form stronger Van der 

Waals interactions. Thus, hydrophobic and Van der Waals interactions are both likely to be 

important in anthracene.  

Ionic composition data in carbazole suggest a small amount of ligand exchange and cation 

bridging. However, as carbazole is also uncharged, cation bridging is an unlikely mechanism. 

Aromatic compounds are able to act as ligands using their aromatic electrons to donate electron 

density to metal ions. This would also explain the negative enthalpy of bonding. The ionic strength 

data does not show a clear picture, possibly the result of experimental error. As in anthracene the 

effect of pH is probably due to the protonation of the mineral reducing the surface charge at 

lower pH values as the nitrogen lone pair on carbazole is delocalised into the aromatic ring and 

therefore not available for protonation. Overall, the results suggest that interactions in carbazole 

are Van der Waals interactions possibly together with some ligand exchange and hydrophobic 

interactions.  

Heptadecane ionic composition data indicate that neither cation bridging, nor ligand exchange are 

important in heptadecane binding to kaolinite. Ionic strength data imply Van der Waals 

interactions are important, with greater bonding at higher ionic strengths. As in the aromatic 

compounds the increased binding at lower pH is likely to be due to reduced surface charges on 

the kaolinite as there are no protonatable sites on heptadecane. The enthalpy of binding is 

positive, i.e. highly unfavourable, due to the limited data used to calculate this, there is likely to 

be a large error. However, it may be explained by a high contribution from entropy driven 
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hydrophobic interactions. Overall, this suggests that hydrophobic and Van der Waal interactions 

are important in the binding of heptadecane to kaolinite.  

In hexadecanol neither ligand exchange nor cation bridging appear to be of importance according 

to the ionic composition data. Increased sorption at lower ionic strength suggest that anion 

exchange might be an important mechanism. Although hexadecanol does not have a negative 

charge, it has lone pairs that enable electron density donation onto the mineral surface. The 

effect of pH, greater sorption at lower pH, is again likely to be due to protonation of the mineral 

surface. A more neutral surface being easier to approach for the high electron density OH group 

of hexadecanol. The highly negative enthalpy of interaction is indicative of a strong interaction, 

consistent with anion exchange. Although the enthalpy data is less reliable, together with the 

ionic strength data, it suggests that anion exchange is a key mechanism for hexadecanol binding 

to kaolinite.   

Some ligand exchange may be present in octadecanamide although the reduction in sorption seen 

in Na2SO4 is limited and within experimental error. In addition, the delocalisation of nitrogen lone 

pair into the carbonyl group means it is less available for use as a ligand. The enthalpy of bonding 

is also much lower than would be expected were ligand exchange to be an important mechanism. 

The composition data show that cation bridging is not important. Ionic strength data suggests that 

neither anion/cation exchange nor Van der Waals interactions are important, as there is poorer 

bonding at both high and low ionic strength. This is likely because ionic strength has a minimal 

effect on the strength of interaction. Although octadecanamide is a weak base, it has a pKb of 

around – 0.5, so it is unlikely to be protonated. Therefore, the increased sorption at lower pH is 

likely to be due to the reduction of the surface charge on the kaolinite. Overall, this suggests that 

bonding in octadecanamide is predominately due to hydrophobic interactions, which is consistent 

with the poor solubility of octadecanamide in both water and isopropyl alcohol.  

Stearic acid composition data show neither ligand exchange nor cation bridging appear to be of 

importance. The decreased sorption at higher ionic strength suggests that Van der Waals 

interactions are not important, but anion exchange may be. With a pKa of 4.75, stearic acid is 

deprotonated and therefore negatively charged at pH 9 of artificial seawater. At pH 3, stearic acid 

begins to be protonated, therefore the slightly increased binding at lower pH is likely to be due to 

protonation of the mineral allowing the negatively charged stearic acid to approach more easily. 

The enthalpy of bonding is highly positive suggesting an entropy driven reaction so that 

hydrophobic interactions may also be important. This suggests that both anion exchange and 

hydrophobic interactions may be important.  
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4.3.6 Comparison with previous work  

A summary of the mechanism found in this study can be found in Table 4.1 and compare to 

mechanism found in previous studies shown in Table 4.2.  

Table 4.1. Comparison of important mechanisms for the different compounds used in this study + 

represents mechanism present, - represents those that are absent  

Organic matter  Mineral  Van 
der 
Waals  

Cation 
bridging 

Anion 
exchange   

Cation 
exchange 

Ligand 
exchange  

Hydrophobic 
interactions 

Anthracene  Kaolinite  + - - - - + 

Carbazole Kaolinite  + - - - + + 

Heptadecane   Kaolinite  + - - - - + 

Hexadecanol Kaolinite  - - + - - - 

Octadecanamide Kaolinite  - - - - - + 

Stearic acid  Kaolinite  - - + - - + 
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Table 4.2 Comparison of important mechanisms which are important in different organic matter-

mineral interactions. + represents mechanism present, - represents those that are 

absent. V. d. W.= Van der Waals interactions, C.B.= Cation bridging, A.E.=anion 

exchange, C.E. Cation exchange, L.E.=ligand exchange and H.I.= Hydrophobic 

interactions.   

Organic 

matter  

Mineral  Reference  V. d. 

W.  

C.B. A.E. C. E. L. E.  H. I. 

Pore-

water 

organic 

matte r 

Montmorillonite  (Arnarson 

and Keil, 

2000) 

+ + - - + - 

Humic 

acids 

Montmorillonite  (Feng et al., 

2005) 

+ + - - - + 

Soil 

organic 

matter  

Goethite  (Mikutta et 

al., 2007) 

+ - - - + - 

Soil 

organic 

matter  

Pyrophyllite  (Mikutta et 

al., 2007) 

+ - - - + - 

Soil 

organic 

matter  

Vermiculite  (Mikutta et 

al., 2007) 

- + - - + - 

The mechanisms found in this work are notably different from those of previous studies. There 

are a number of likely reasons for this. Firstly, previous studies concentrated on dissolved and 

therefore soluble organic matter. Thus, the absence of hydrophobic interactions in this organic 

matter is to be expected as these are only important where dissolution of the organic matter is 

unfavourable. The majority of the compounds used in this study were poorly soluble. Both 

dissolved and particulate organic matter need to be considered, as both are important within the 

natural environment (Lee et al., 2009). Secondly, the limited importance of ligand exchange is 

likely to be due to the low functionality of compounds used in this study. Due to the chelate 

effect, ligands are much more effective when they have multiple functional groups and are able to 

form multiple bonds from the same compound. This is more likely to occur with the large 
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compounds present in natural organic matter. Finally, all of the compounds used in this study, 

aside from stearic acid, are uncharged under the conditions used. Natural organic matter may be 

more likely to be charged (i.e., able to interact by cation bridging). Van der Waals interactions 

have been shown to be important in most cases which is likely to be due to their universal nature, 

i.e. all compounds are capable of forming Van der Waals interactions.  

4.4 Conclusions  

This study used changing conditions of pH, ionic strength, ionic composition and temperature to 

determine the mechanisms at work in the binding of six compounds (anthracene, carbazole, 

heptadecane, hexadecanol, octadecanamide and stearic acid) to the clay mineral kaolinite. The 

mechanisms observed (hydrophobic interactions, Van der Waals forces, anion exchange and 

ligand exchange) are consistent with those that would be expected for the chemical structure of 

these compounds. However, a number of differences from previous studies were noted. Most 

notably: a greater of presence hydrophobic interaction, a lower presence of ligand exchange and 

an absence of cation bridging.  These differences are to be likely the result of the different organic 

matter sources used.  Although this study provides new insights into the interactions between 

mineral surfaces and OM, further work with larger, more complex organic matter is needed to 

determine if the greater preference for ligand exchange reported in previous studies is valid. 

Furthermore, due to the exclusion of particulate organic matter in previous studies, the results 

obtained may not have reflected the full range of effects that would be exhibited by natural 

organic matter. Therefore, further non-specific studies into the mechanisms of binding of natural 

organic matter should be undertaken, as it is likely that both mechanisms found here and in 

previous studies will be of importance. It would also be beneficial to conduct experiments with a 

broader range of temperatures in order to provide a more accurate prediction of the enthalpy of 

bonding.  
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Chapter 5 Importance of mineral type on the extent of 

organic matter-mineral sorption 

5.1 Introduction  

Clay and iron minerals have both been shown to be important in organic matter-mineral 

interactions in marine sediments (Lalonde et al., 2012, Mayer, 2004). Clays provide a high surface 

area for organic matter to interact with (Ransom et al., 1998), and iron minerals are able to 

complex strongly with the organic matter (Barber et al., 2014). The organic matter-mineral ratio 

determines whether the surface area or the strength of interaction is more important for organic 

matter; The strength of the interaction is more important where the organic matter-mineral ratio 

is low, and the surface area available is more important where the ratio is high (Saidy et al., 2013, 

Saidy et al., 2015). This is likely because at low organic matter concentrations weakly bound 

organic matter is able to desorb and be degraded. This means that the minerals which provide the 

greatest protection can vary depending on the organic matter concentration. However, the 

nature of the mineral is important to the preservation of organic matter, with strong correlations 

between clay content and organic matter preservation (Kennedy and Wagner, 2011) and up to 

20% of organic matter in marine sediments observed to be associated with iron (Lalonde et al., 

2012). Preference for one type of organic matter over another can also vary between mineral 

types, as can the interaction mechanism (Newcomb et al., 2017, Mikutta et al., 2007). Therefore, 

the presence of different minerals in different locations could lead to the preferential 

preservation of different types of organic matter. Studies of natural organic matter have typically 

found greater sorption to iron minerals than to clays (Mikutta et al., 2007, Shaker et al., 2012). 

However, it is unknown whether these differences are due to iron minerals having a preference 

for organic matter types that are more common in marine environments or if they have a great 

capacity for sorption of organic matter.   By investigating interactions between three different 

minerals and six model compounds (anthracene, carbazole, heptadecane, hexadecanol, 

octadecanamide and stearic acid) this study aims to determine which of the above is more 

important. The minerals that will be investigated are kaolinite, representing 1:1 clays; bentonite 

representing 2:1 clays; and goethite representing crystalline iron hydroxides.  
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5.2 Material and methods  

The methodology used in this investigation is detailed in Chapter 2. In brief, the compounds in 

Table 2.1 were added, individually and in combination, to a suspension of kaolinite, bentonite, or 

goethite. For bentonite and goethite samples, the organic matter concentration was adjusted to 

produce the same organic matter: mineral ratio as in kaolinite with 0.5g of mineral. Sorption was 

monitored by isolating the mineral using centrifugation. The mineral was then extracted using 

solvent extraction and the extract analysed by GC-MS.  

5.3 Results and discussion  

Results are presented initially for individual compounds on different minerals and then for 

different minerals with all six compounds.   

5.3.1 Anthracene 

All three minerals show a linear response, with greater sorption achieved as more anthracene is 

added. Very similar responses are shown by bentonite and goethite, both achieving sorption of 

1.4mgCm-2 at the highest concentration of added anthracene, 3.0mgCm-2. Kaolinite sorption is 

similar but slightly greater achieving 1.9mgCm-2 for 3.0 mgCm-2 anthracene added. 
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Mineral 
Line of best fit R2 value  

Bentonite   
y = 0.4831x - 0.0655 R² = 0.99 

Goethite  
y = 0.4685x - 0.0226 R² = 0.94 

Kaolinite  
y = 0.6912x - 0.1559 R² = 0.98 

Figure 5.1. Sorption of Anthracene to different minerals. 

The similar sorption seen between the three minerals is likely because anthracene interactions 

are non-specific, Van der Waal and hydrophobic interactions. This will mean the difference in 

mineral surfaces are less likely to have an effect.  The slight preference for kaolinite might be due 

to lower surface charge than bentonite (Satterberg et al., 2003) and fewer active hydroxyl groups 

than goethite (Meier et al., 1999), which may make its surface more preferable for hydrophobic 

interactions.  

5.3.2 Carbazole  

Carbazole also shows a positive linear response in all three minerals. Greatest sorption is seen in 

goethite followed by Kaolinite and bentonite. The highest sorption was achieved at the highest 

concentration of added carbazole, 2.0 mgCm-2; this was 1.2, 1.0 and 0.8 mgCm-2 for goethite, 

kaolinite, and bentonite, respectively. 
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Mineral Line of best fit R2 value  

Bentonite   
y = 0.4148x - 0.0452 R² = 0.99 

Goethite  
y = 0.6272x - 0.0345 R² = 0.98 

Kaolinite  
y = 0.4745x - 0.0851 R² = 0.87 

Figure 5.2. Sorption of carbazole to different minerals.  

Chapter 4 suggests that carbazole is interacting via a ligand exchange mechanism. The ligand 

exchange mechanism involves hydroxyl groups on the mineral surface. Goethite has a higher 

number of these hydroxyl groups than both kaolinite and bentonite (Meier et al., 1999, Song and 

Sandí, 2001). This higher number of potential sorption sites is the likely cause of the greater 

carbazole sorption to goethite.  

5.3.3 Heptadecane   

Heptadecane shows a linear response on bentonite and goethite but not on kaolinite. Kaolinite 

appears to plateau but with greater sorption, 0.1 mgCm-2, shown at the penultimate 

concentration added, 2.2 mgCm-2, than at the highest added concentration, 2.8 mgCm-2, which 

shows a sorption of 0.05 mgCm-2. Bentonite and goethite achieve lower levels of sorption 0.06 

and 0.02 mgCm-2 respectively both at the added concentration of 2.8 mgCm-2. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.5 1 1.5 2 2.5

O
rg

an
ic

 m
at

te
r 

b
o

u
n

d
/ 

m
gC

m
-2

Organic matter added/ mgCm-2

Bentonite

Goethite

Kaolinite



Chapter 5 

79 

 

Mineral 
Line of best fit R2 value  

Bentonite   
y = 0.0191x + 0.004 R² = 0.96 

Goethite  
y = 0.0078x + 0.0014 R² = 0.95 

Kaolinite  
Non-linear response   

Figure 5.3. Sorption of Heptadecane to different minerals. 

Sorption for heptadecane is low for all three minerals. This is because it lacks functional groups to 

interact strongly with minerals. As a result, interactions are via Van der Waals and hydrophobic 

interactions. As in anthracene this preference for hydrophobic surfaces is the likely cause of the 

preference for kaolinite over bentonite and goethite, due to bentonite’s higher surface charge 

(Satterberg et al., 2003) and goethite’s increased hydroxyl groups (Meier et al., 1999). 

5.3.4 Hexadecanol  

In hexadecanol kaolinite shows the lowest response but seems to be the only mineral with a 

linear response. At the added hexadecanol concentration of 3.0 mgCm-2 sorption of only 0.15 

mgCm-2 is achieved. The second highest sorption is shown by bentonite which appears to plateau 

to 0.7 mgCm-2 for added concentration of 1.5 and 3.0 mgCm-2. The greatest sorption is shown by 

goethite which achieves 1.2 mgCm-2 at 3.0 mgCm-2, however this shows neither a linear nor a 

plateau response.  The lowest sorption is achieved at the middle point, likely the result of 

experiment error, although this is hard to clarify without more data points.  
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Mineral 
Line of best fit R2 value  

Bentonite   
Non-linear response  

Goethite  
Non-linear response  

Kaolinite  
y = 0.0283x + 0.0946 R² = 0.35 

Figure 5.4. Sorption of Hexadecanol to different minerals. 

The order of mineral sorption, with goethite showing the greatest sorption followed by bentonite 

then kaolinite, is consistent with the anion exchange capacity of these minerals (goethite > 

bentonite > kaolinite) (Ioannou et al., 2013, Mclaughlin et al., 1981, Schell and Jordan, 1959). 

Chapter 4 showed that anion exchange is the main mechanism seen in the sorption of 

hexadecanol to kaolinite. The correlation between the mineral’s anion exchange capacity and 

hexadecanol sorption suggests this mechanism is occurring in all three minerals.  

5.3.5 Octadecanamide  

The greatest sorption is achieved by goethite which appeared to be starting to plateau at 4.4 

mgCm-2 with an achieved sorption of 1.1 mgCm-2. The next highest sorption is shown on kaolinite 

with a linear response reaching 0.67 mgCm-2 sorbed for 3.1 mgCm-2 added. The lowest response is 

shown on bentonite with a linear response achieving 0.4 mgCm-2 sorbed for 3.0 mgCm-2 added.  
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Mineral 
Line of best fit R2 value  

Bentonite   
y = 0.1352x + 0.0173 R² = 0.99 

Goethite  
Non-linear response  

Kaolinite  
y = 0.179x + 0.027 R² = 0.75 

Figure 5.5. Sorption of octadecanamide to different minerals. 

Octadecanamide was shown in Chapter 4 to interact with kaolinite via hydrophobic interactions. 

Therefore, the expected sorption preference is kaolinite > bentonite > goethite as in anthracene. 

However, although the two clays are in this order the greatest sorption is seen to goethite. This 

may be due to the additional hydroxyl groups in the goethite promoting ligand exchange in 

octadecanamide- goethite binding. The presence of a nitrogen lone pair on the octadecanamide 

means this is a viable mechanism and would account for why the interactions with the goethite 

will be greater than those with the clay.  

5.3.6 Stearic acid  

A linear response is shown in all three minerals with kaolinite achieving the greatest sorption at 

0.13 mgCm-2 for 3.0 mgCm-2. Bentonite shows the next highest at 0.07 mgCm-2 and goethite the 

lowest at 0.06 mgCm-2 both at 3.0 mgCm-2. 
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Mineral 
Line of best fit R2 value  

Bentonite   
y = 0.019x + 0.0156 R² = 0.99 

Goethite  
y = 0.0209x - 0.0032 R² = 1.00 

Kaolinite  
y = 0.0457x - 0.0089 R² = 0.99 

Figure 5.6. Sorption of stearic acid to different minerals. 

Both anion exchange and hydrophobic interactions were determined to be the sorption 

mechanism to kaolinite in Chapter 4. If anion exchange was the main mechanism in all three 

minerals, then the expected sorption preference would be the same as seen for hexadecanol 

(goethite > bentonite> kaolinite). However, the preference seen here is consistent interactions 

occurring by Van der Waal interactions and hydrophobic interactions. An explanation for this 

could be the electrostatic repulsion between the minerals and the stearic acid. Stearic acid has a 

pKa of 4.75 and is therefore negatively charged at the experimental conditions of pH 9. The point 

of zero charge of all 3 minerals would mean that at this pH they would all also be negatively 

charged (Ioannou et al., 2013) , but kaolinite will have the lowest net charge which may explain 

the greater sorption shown to kaolinite (Satterberg et al., 2003). 
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5.3.7 Comparison of minerals  

Results of the kaolinite experiments were discussed extensively in Chapter 3 and are presented 

again in Figure 5.7 for comparison with the other two minerals.  

Bentonite results are presented in Figure 5.8. As in kaolinite, the two aromatic compounds show 

the greatest sorption. However, hexadecanol then shows the next greatest sorption, indeed at 

low concentrations it appears to show greater sorption than the aromatic compounds before 

plateauing, this may be due to bentonite’s higher anion exchange capacity allowing more 

hexadecanol to interact. However, the plateauing effect suggests these sites are still limited.  

Octadecanamide, stearic acid and heptadecane show a similar sorption relative to the other 

compounds as in kaolinite.  

Goethite results are shown in Figure 5.9. As in both clay minerals the highest sorption is shown by 

the two aromatic compounds, although carbazole shows greater sorption than anthracene 

possibly due to carbazole interacting via ligand exchange. Poor sorption is again shown by 

heptadecane and steric acid, likely due to lack of functionality and electrostatic repulsion, 

respectively.  As in bentonite, hexadecanol shows greater sorption, likely due to goethite’s higher 

anion exchange capacity, although the error in second data point means it is unclear whether this 

is a linear or plateauing. Octadecanamide binding is greater than in both clays possibly due to the 

proposed change of interaction mechanism from hydrophobic to ligand exchange.  

Overall, the six compounds responded very similarly in all three minerals with the exception of 

hexadecanol, which showed much greater sorption in bentonite and goethite. This may be due to 

the more specific nature of the interactions with hexadecanol interacting via anion exchange and 

therefore more effected by the anion exchange on the different minerals. Indeed, the interaction 

on bentonite in particular with an initially steep gradient followed by a plateau is indicative of a 

stronger interaction at a more limited number of sites.  
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Figure 5.7. Sorption of six standards to kaolinite. 

 

Figure 5.8. Sorption of six standards to bentonite. 
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Figure 5.9. Sorption of six standards to goethite. 

 

5.4 Conclusions  

The interactions of six organic compounds with three minerals, kaolinite, bentonite and goethite, 

were investigated. This study suggests that the nature of the organic matter has the greatest 

impact on sorption, and that the different minerals have minimal impact on which compounds are 

sorbed the most. In all three minerals, the aromatic compounds showed the greatest sorption, 

with the highest sorption achieved by anthracene onto kaolinite. The mechanisms determined in 

Chapter 4 correlate well with the mineral preferences shown by each compound, suggesting that 

this might be a useful method of predicting interactions with different minerals. It is also 

interesting to note that the mineral preferences suggest similar mechanisms are operating in all 

three minerals.  

Previously, a preference for iron minerals over clay minerals has been observed (Mikutta et al., 

2007). However, this study showed the greatest sorption in kaolinite. Two key differences 

between the previous study and the current study should be noted. Firstly, as in Chapter 4, the 

organic matter used in this study was insoluble and hydrophobic, whereas Mikutta et al. (2007) 

used dissolved organic matter. This means whereas in this study Van der Waal and hydrophobic 
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interactions dominated, compounds are more able to interact via ligand exchange during sorption 

to goethite in Mikutta et al. (2007).  Secondly, the previous study was carried out under 

conditions found in soils as opposed to marine sediments, for example, at pH 4. At pH 4, goethite 

will be positively charged which may make a considerable contribution to its increased interaction 

with predominately negatively charged organic matter.  

The importance of iron to organic matter preservation was recently highlighted by Lalonde et al. 

(2012) demonstrating that over 20% of organic matter in marine sediments may be bound to iron. 

However, sorption experiments under marine conditions have tended to focus on clay minerals. 

Interactions with iron minerals can be complicated by iron’s redox ability, allowing it to promote 

both degradation as well as preservation. A recent study has also shown interaction with iron may 

differ for organic nitrogen compared with organic carbon (Barber et al., 2014). Further 

investigation into organic matter sorption to iron minerals is therefore required. However the 

results from this study suggest that under the high pH conditions of marine sediments iron oxides 

may behave in a fashion more similar to clays than in soils.   
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Chapter 6 Sorption of functionally defined dissolved 

organic matter is affected by salinity, mineral type and 

mass 

This chapter is in preparation for submission to Organic Geochemistry as: Elizabeth S. Marsden, 

Edwin C. Rowe, Inma Lebron, Dan J. Lapworth. Martin Palmer & Jessica Whiteside 2019. Sorption 

of functionally-defined dissolved organic matter is affected by salinity, mineral type and mass. 

Organic Geochemistry. Work was carried out during a 3 month period spent at the Centre for 

Ecology and Hydrology, in Bangor, Wales.  Elizabeth Marsden carried out experimental design, 

sample collection, sorption experiments, laboratory and data analysis as well as manuscript 

writing and editing. Ed Rowe provided advice on experimental design, assistance in data analysis 

and comments and assistance in the writing of the manuscript. Inma Lebron provided advice on 

experimental design, training on the use of Laboratory instruments and comments and assistance 

in the writing of the manuscript. Nathan Callaghan assisted in sample collection. Dan Lapworth 

carried out the fluorescence spectroscopy and comments and assistance in the writing of the 

manuscript. Jessica Whiteside and Martin Palmer both provided assistance upon return to 

Southampton on the writing of the manuscript.    

 

6.1 Abstract 

The nature of dissolved organic matter (DOM) flux from land to ocean is a major uncertainty in 

models of the global ocean budget and global carbon cycle. In particular, the extent to which 

riverine DOM fluxes are modified by estuarine processes is poorly understood. Laboratory 

experiments were conducted to test the hypothesis that mineral-DOM interaction is sensitive to 

salinity changes during estuarine mixing, exerting influence on the flux of DOM from land to 

ocean. The dependence of this process to specific types of DOM was assessed using DOM derived 

from three different sources: surface soil organic-rich horizons, subsoil horizons, and marine algal 

cultures.  The influence of the mineral phase was assessed using 1:1 and 2:1 clays and a natural 

mixture of soil minerals from a North Wales soil. Results indicate that adsorption of DOM onto the 

minerals was ~10% greater under saline conditions than in fresh water;  the mixed assemblage of 

soil minerals sorbed more DOM than the pure clay minerals and the different DOM types had a 

minimal effect on the degree of sorption. These results suggest that Van der Waals interactions 

and cation bridging play an important role in DOM adsorption because these processes are 
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promoted by increased ionic strength of more saline waters, in particular for higher valency 

cations. Simplification of the factors determining organic matter-mineral interactions in riverine 

DOM transport can facilitate its inclusion into Earth system models, allowing more accurate 

predictions of future changes to the global carbon cycle.  

6.2 Keywords 

DOM, Sorption, Clay, Organic matter, Estuarine  

6.3 Introduction  

The transport of dissolved organic matter (DOM) in rivers links together three of the world’s 

important carbon pools: soils, ocean, and atmosphere (Meyersschulte and Hedges, 1986, Li et al., 

2017). Among other factors, the magnitude of this flux is hypothesised to be controlled by the 

nature of the DOM, interactions of DOM with mineral surfaces and changes in physico-chemical 

conditions at the land-sea interface during estuarine mixing (Jin and Zimmerman, 2010, 

Meyersschulte and Hedges, 1986, Sholkovitz, 1976). The importance of these processes in 

absolute and relative terms is, however, poorly understood (Ciais et al., 2013). As a result, land-

ocean carbon transfer is not explicitly included in most global carbon cycle models (Ciais et al., 

2013).   

Previous studies identified three key factors in DOM-mineral interactions: DOM type, mineral type 

and environmental conditions (Keil and Mayer, 2014, Arnarson and Keil, 2000). Many of these 

studies have concluded that the nature of the organic matter plays an important role in 

determining the degree of DOM-mineral interaction, with the composition in terms of functional 

groups and the molecular mass of the organic matter determining the extent of sorption 

(Arnarson and Keil, 2000, Swenson et al., 2015, Kang and Xing, 2008, Ahmat et al., 2016, 

Aufdenkampe et al., 2001). Different classifications of DOM characteristics, such as molecular 

weight (Arnarson and Keil, 2000), photic properties (Ding and Shang, 2010), aromaticity (Mikutta 

et al., 2007), functional groups (Swenson et al., 2015, Lu et al., 2010, Liu and Lee, 2006, Kang and 

Xing, 2008, Ahmat et al., 2015, Aufdenkampe et al., 2001) and DOM source (Satterberg et al., 

2003), mean that comparisons between different studies remain difficult. This is partly caused by 

the fact that complete characterisation of all these properties in a single study is time-consuming 

and expensive, hence it is often useful to define the functional classes of DOM using easily 

measurable characteristics, such as source and optical properties (Anderson et al., 2019). 
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While most studies suggest that the nature of the mineral phase appears to be of secondary 

importance in determining the extent of DOM-mineral interaction, the surface charge of the 

mineral does play a role. For example, minerals with positive surface charges, such as calcium 

carbonate, show a preference for negatively charged DOM components (Aufdenkampe et al., 

2001, Carter, 1978), and iron minerals and clays have also been shown to interact strongly with 

DOM and provide protection from degradation (Saidy et al., 2015, Drouin et al., 2010, Ransom et 

al., 1997, Dumig et al., 2012).  

The term “clay” can be ambiguous,  and may refer to either the smallest particles, typically 

defined in sedimentology as < 4 µm (although in soil science often < 2 µm is used), or to a specific 

defined class of aluminosilicate minerals (Allaby, 2008). Aluminosilicate clay minerals are a major 

component of soils and sediments and have been widely used in laboratory studies (Meier et al., 

1999, Drouin et al., 2010, Saidy et al., 2015) and their concentrations in soil and sediment samples 

correlate well with organic matter abundances (Dumig et al., 2012, Kennedy and Wagner, 2011). 

The role of non-aluminosilicate minerals within the clay size fraction is, however, less clear. The < 

4 µm size fraction of non-aluminosilicate minerals will also likely have a high surface area, but 

other surface properties, such as surface charge, are likely to be different from clay minerals 

sensu stricto. 

In addition to the nature of the DOM and mineral, environmental conditions such as pH, salinity 

and ionic composition (Arnarson and Keil, 2000) are also important in determining the extent of 

DOM-mineral interactions. Changes in salinity play a particularly important role in DOM-mineral 

interaction and transport during passage of DOM from fresh rivers through estuaries and into 

coastal ocean settings. For example, increasing salinity can lead to the flocculation of different 

types of particles, impacting the concentrations of both dissolved inorganic species and dissolved 

and particulate organic matter (Sholkovitz, 1976), with both increased and decreased adsorption 

being reported for various DOM and inorganic species (Arnarson and Keil, 2000, Henrichs and 

Sugai, 1993, Wang and Lee, 1993). Hence some of the studies reporting removal of DOM from 

solution during estuarine mixing (Arnarson and Keil, 2000) may reflect DOM flocculation rather 

than DOM-mineral sorption. The effects of changing salinity are further complicated by the 

presence of different components within seawater. For example, the presence of divalent cations 

and complexing anions such as sulfates can both promote and inhibit different bonding 

mechanisms. Hence, further investigations of the effects of salinity on sorption of different DOM 

sources are required to address these uncertainties. In this study the interactions among three 

types of DOM and three mineral sources (Table 6.1, Table 6.2) at riverine salinity (0.01-0.08 g total 

salts kg-1 water) and marine salinities ( 30 g total salts kg-1 water ), in an incubation experiment 

were investigated.  
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Table 6.1. Description and source of Dissolved Organic Matter to be used in this study. 

Organic matter   Description  Examples 

DOM T1 Strongly UV absorbing, younger, more coloured, 
more reactive terrestrial organic matter. Prone to 
photooxidation and flocculation, but less 
susceptible to microbial degradation, typically 
released from topsoils. 

Lignin and other structural 
compounds from an upland 
source. 

DOM T2 Weakly UV absorbing, older, less reactive, and less 
coloured terrestrial organic matter. That prone to 
microbial degradation but less susceptible to 
photooxidation and flocculation, released from 
baseflow. 

Carbohydrates and proteins and 
compounds derived from arable 
soils, included man-made DOM 
such as sewage 

DOM A Aquatically produced DOM produced via 

phytoplankton exudation, zooplankton grazing 

and detritus turnover. These compounds are not 

susceptible to photo oxidation but are semi labile 

with a turnover of weeks to months. 

Fatty acids, sugars, amino acids 
and terpenoids 

 

Table 6.2 Description of  minerals to be used in this study. 

Mineral Description  

Kaolinite  1:1 clay  

Bentonite 2:1 clay  

‘Bangor’ Soil  soil sample exhibiting greater variation in particle size and mineralogy 

Mineral-free blanks  a control for other factors leading to a decrease in dissolved organic 
carbon, such as degradation and/or flocculation 

 

This experimental approach allowed the testing of the following hypotheses: 

H1: DOM type A is expected to experience the greatest sorption, due to its high nitrogen content, 

because nitrogen-rich organic matter has been shown to be preferentially sorbed (Aufdenkampe 

et al., 2001). DOM type T1 is expected to show the next greatest amount of sorption because it 

contains larger molecules and it has had reduced previous exposure to mineral surfaces than type 

T2. Both these factors have been identified as resulting in increased mineral interactions 

(Aufdenkampe et al., 2001, Arnarson and Keil, 2000).  
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H2: Of the different mineral types, the two clays are expected to achieve the greatest sorption. 

Bentonite is a 2:1 clay, and has a higher overall surface charge and greater cation exchange 

capacity, is likely to sorb more than kaolinite (Satterberg et al., 2003). The lowest extent of 

sorption is expected by the mixed soil material because it has a lower aluminosilicate clay content 

(see below). For all three mineral types it is anticipated that increasing the ratio of mineral mass 

to DOM will increase the amount of DOM sorption because this will provide additional surface 

area. The final treatment is a mineral-free sample and serves as a control. It is anticipated that 

this control is likely to show very little or no change in DOM concentration during the experiment. 

Any change that is observed will be likely due to degradation or flocculation of the DOM.  

H3: Increased salinity is expected to lead to an increase in DOM sorption because the higher 

salinity will provide more cations for cation bridging, which is an especially important mechanism 

for enhancing clay-organic matter interactions (Arnarson and Keil, 2000). 

6.4 Materials and methods 

6.4.1 Materials 

Kaolinite was obtained from Fischer Scientific as pure kaolin. The composition as determined by 

X-ray diffraction (XRD) was 72.9% kaolinite, 23.8% illite and 6.3% quartz. Bentonite was obtained 

from the British Drug Houses Ltd, BDH laboratory Chemicals Division, Poole and had an XRD 

composition profile of 89.1% montmorillonite (swelling clay), 9% albite, 1.9% quartz. Bangor Soil, 

collected from Pontbren, near Llanfair Caereinion, Wales, had an XRD-determined composition of 

44.6 % illite, 35.3 % quartz, 10 % smectite, 8 % albite, 2.1 % chlorite, and a clay-sized fraction of 

39.9 ±7.8. Previous studies have suggested that the non-clay sized fraction of the solid phase has 

a minimal effect on sorption (Bock and Mayer, 2000, Wiseman and Puttmann, 2006, Ransom et 

al., 1997), therefore mineral matter was added to give an approximately equal mass of clay-sized 

particles, i.e. 2.5 x the mass of Bangor soil was used compared to masses of kaolinite and 

bentonite.  

Prior to the experiments, the minerals were heated to 400 °C to remove any pre-existing organic 

matter. After heat treatment, surface area measurements were 16.3 m² g-1, 12.4 m² g-1 and 18.3 

m2 g-1 for kaolinite, bentonite and Bangor soil, respectively.  

The DOM sample dominated by T1 (more coloured and photolabile) was collected from Nant y 

Brwyn (longitude: -3.802o, latitude: 52.988o), an undisturbed upland peat stream in Snowdonia, 

Wales. The DOM sample dominated by T2 was collected from the Plas Uchaf reservoir (longitude: 

-3.546o, latitude: 53.229o), near to St Asaph, Wales, a more arable setting. The organic matter 
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representing autochthonous DOM, i.e. type A, was produced by the marine phytoplankton 

Tetraselmis suecica, which was grown nonaxenicily at 20 °C on a 12h:12h light:dark cycle, bubbled 

continuously with 0.2 µm filtered air, in Walne's Medium. The phytoplankton cells were harvested 

during the exponential growth stage by centrifugation followed by freeze drying. A suspension of 

0.33 g L-1 in deionised water was then prepared and shaken for 17 hours to allow dissolution of 

the more soluble organic compounds.  

6.4.2 Instrumentation  

Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) measurements were 

performed using a Thermalox 5001.03, from Analytical Science. Solutions were acidified, sparged 

with oxygen to remove carbonate, and calibrated with a 7 point calibration curve. Each sample 

was injected four times with an injection volume of 40 μL, average coefficient of variance was 4 % 

for carbon and 6 % for nitrogen. Samples above a coefficient of variance of 20 % were repeated. 

Specific electrical conductivity (SEC) was measured with a Jenway 4320 and the pH with a 

Metrohm Titrando with an Aquatrode +Pt 1000 pH electrode. Anion and cation contents were 

determined on a Metrohm 930 compact IC flex ionic chromatograph, using a 7 point calibration 

curve.  

Fluorescence Excitation-Emission Matrix (EEM) was used to determine the previously mentioned 

DOM classifications (Lapworth et al., 2008). A Varian™ Cary Eclipse fluorescence spectrometer 

was used for the fluorescence analyses. Excitation (Ex) wavelengths were set between 200 and 

400 nm with a 5 nm bandwidth and emission (Em) wavelength set between 250 and 500 nm with 

a 2 nm bandwidth. The scan rate was 9600 nm min-1 and the PMT voltage was 725 V. Quartz cells 

with a 1 cm path length were used. Ultrapure water (ASTM type I reagent grade water, including a 

UV cracker) was used for the blank samples and to clean the quartz cell between samples. All the 

post processing of the fluorescence data, the blank and the absorbance correction, was carried 

out using the R statistical package (R-Team, 2008, Lapworth and Kinniburgh, 2009).  

The multivariate technique Parallel Factor Analysis (PARAFAC) was used to evaluate and 

characterize the complex mixtures of fluorescent DOM (fDOM) fractions, which has commonly 

been employed in past studied in environmental waters (Bro, 1997). This method decomposes the 

combined fluorescence signal into individual, distinct modelled components (Bro, 1997, Murphy 

et al., 2013, Stedmon et al., 2003). EEM-PARAFAC models the three-way (excitation, emission, 

intensity) EEM data using fitting routines to minimise the sum of squares of the residuals 

(Stedmon and Bro, 2008). The ‘DOMFluor v1.7’ toolbox (Stedmon and Bro, 2008) was used to 

undertake this analysis, explore the data set and validate the PARAFAC modelling. A three fDOM 
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components component model was validated using independent split-half analysis of the data 

set, following removal of outliers (Stedmon and Bro, 2008). The inclusion of further components 

could not be validated, and the three component model explained 99.5% of the variability in the 

absorbance corrected EEM data. The three components identified were: Component 1 (C1, 

Ex/Em: 245-380/416-462 nm), component 2 (C2, Ex/Em: 245-345/372-444 nm) and component 3 

(C3, Ex/Em: 245-315/314-376 nm). Based on previously reported distributions of Em/Ex these 

components have been assigned as: C1 humic-like, C2 fulvic-like, C3 tryptophan-like (Coble, 1996, 

Chen et al., 2003).  Other DOM characteristics were investigated through the use of two further 

indices: (i) the fluorescence index (FI), which is commonly used to differentiate between 

terrestrial and microbial DOM sources (McKnight et al., 2001), and (ii) the humification index, an 

indication of humicity, and the condensing of fluorescing molecules (Zsolnay, 2001). The 

fluorescence indices shown in Table 6.3, are all low in microbial organic matter but variation is 

consistent with three different sources. The humification index indicates A is the least degraded 

and T1 is a little more degraded than T2. The EEM results also suggest a differing chemical make-

up with different proportion of the three different components. Characterisation of the three 

DOM types can be seen in Table 6.3.  

The mineralogy of the solid phases was determined by X-ray diffraction (XRD) using a Panalytical 

X'Pert pro diffractometer machine fitted with a Cu X-ray tube, operating at 35 kV, 40 mA utilising 

automatic slits and a step size of 0.02º 2 at 1 second/ step. Semi-quantitative analysis was 

undertaken using a least squares method similar to that used in the Microsoft Excel-based 

programs RockJock (Eberl, 2003), and FULLPAT (Chipera and Bish, 2002). Surface areas were 

determined with nitrogen absorbance using the Brunauer-Emmett-Teller (BET) method on a 

Micromeritics 3 flex 3.02 at 77 K. 
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 Table 6.3. Properties of dissolved organic matter (DOM) solutions consisting predominately of T1, 

T2 and A types, showing Dissolved Organic Carbon (DOC), Total Dissolved Nitrogen (TDN), pH and 

conductivity, together with a number of fluorescence-derived indexes. The fluorescence index (FI), 

which is commonly used to differentiate between terrestrial and microbial DOM sources 

(McKnight et al., 2001), and (ii) the humification index, an indication of humicity, and the 

condensing of fluorescing molecules (Zsolnay, 2001). Parallel Factor Analysis (PARAFAC)(Bro, 

1997) was used to separate the excitation, emission matrix into 3 components, assigned as: 1 

humic-like, 2 fulvic-like and 3 tryptophan-like (Coble, 1996, Chen et al., 2003) whose relative 

concentrations are presented in Raman units.  

Sample T1 T2 A 

DOC mg L-1 14.63 14.30 5.80 

TDN mg L-1 0.37 1.96 0.57 

Specific Electrical conductivity 
μS cm-1  

24.5  153.4  24.5  

salinity 0.019 0.076 0.019 

pH 5.65 7.3 6.48 

Florescence index 1.04 1.23 0.87 

Humification index 2 0.92 0.89 0.48 

EEM humic 

Fmax/ RU 

3.45 1.87 0.245 

EEM Fulvic 

Fmax/ RU 

4.87 3.12 1.11 

EEM trypophan 

Fmax/ RU 

0.31 0.20 0.57 

6.4.3 Sorption experiments  

Each mineral type was exposed to each of the three types of DOM under both saline (salinity 30) 

and riverine (salinity 0.01-0.08) conditions. For the kaolinite and bentonite mineral types, 

different mineral-mass treatments were used, with 20, 40 and 80 mg of clay. For the Bangor soil, 

masses of 50, 100 and 200 mg were used to account for the clay size fraction being 39.9%. These 

mineral loading are typical of mineral loading found in rivers (Aufdenkampe et al., 2001). Each 

combination of factors was repeated three times, giving a total of 216 incubations. Mineral free 
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controls were used to determine decreases in DOC concentration in solution resulting from 

respiration or interactions with the centrifuge tube, giving DOCcontrol.  

For the incubations, the starting DOM solutions were first adjusted to the required salinity. For 

riverine samples no adjustment was required. For marine samples artificial sea salt (Subov, 1931) 

was added to adjust EC to give a salinity of 30. These solutions were then allowed to stand for 15 

minutes before being filtered through GF/C filters with a nominal pore size of 0.45 µm. Three 

aliquots of this starting solution were then set aside to measure DOCinitial. Then 30 mL of DOM 

solution was added to a centrifuge tube containing the appropriate mass of mineral. Tubes were 

shaken for 2 hours before being filtered through Whatman GF/C filters (0.45 µm) prior to analysis 

by DOC, giving DOCfinal. Analysis was generally conducted within 3 hours, where this was not 

possible samples were stored at 4 °C and analysed within 24 hours. Storage at this temperature 

has previously been shown to reduce any degradation to below detectable level for these 

timescales (Peacock et al., 2015). 

The percentages of organic carbon sorbed to the mineral phase was determined according to 

Equation 3. 

Equation 3. 

%𝐷𝑂𝐶𝑠𝑜𝑟𝑏𝑒𝑑 =
𝐷𝑂𝐶𝑐𝑜𝑛𝑡𝑟𝑜𝑙 −𝐷𝑂𝐶𝑓𝑖𝑛𝑎𝑙

𝐷𝑂𝐶𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 

 

The extent of DOC sorption was evaluated by analysis of variance, using the lm function (from the 

stats package) within the R programming language (version 3.3.3), with DOC sorption as a 

response, and mineral mass (continuous), DOM type, mineral and salinity (discrete) as 

explanatory variables (see Table 6.4 for levels). Model simplification was carried out on general 

linear models, starting with the most complex model (including a 4-way interaction). Model terms 

(variables and/or their interactions) were removed in a stepwise fashion, each time using analysis 

of variance to check for significant changes in model deviance. Tukey HSD from the agricolae R 

package was also used to compare which variables within a factor were significantly different.  

6.5 Results 

DOC concentrations were changed by exposure to minerals, with mean DOC sorption of 8% and a 

p value of <0.001. The results of the minimum adequate model are shown in Table 6.4 together 

with the p value for each factor. 
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 Table 6.4. Analysis of variance of minimal adequate model for percentage sorption of dissolved 

organic carbon. 

Factor Degrees of 
freedom 

F value 

 

p value 

Salinity 1 41.3 < 0.001 

DOM type 2 0.614 n.s. 

Mineral type 2 6.65 < 0.01 

Mineral mass 1 47.4 < 0.001 

Salinity x Mineral type 2 7.97 < 0.001 

DOM type x Mineral type 4 3.83 < 0.01 

Mineral type x Mineral mass 2 4.05 < 0.05 

Residual 147   

The minimum adequate model showed that the factors with greatest effect on sorption were 

mineral mass and salinity, with P values less than 0.001, followed by mineral type with a P value 

of less than 0.01 and the two-way interactions. Of the two-way interactions the greatest effect is 

had by salinity and mineral type with a P value less than 0.001 followed by DOM type and mineral 

type with a P value of less than 0.01, then mineral type and mineral mass with a P value less than 

0.05. Organic matter type shows the smallest effect on sorption, as an individual factor it is not 

significant only having a significant effect in combination with mineral mass.  

Organic matter type not having a significant effect on the percentage of DOC sorbed contradicts 

hypothesis one. In contrast, both the amount and the type of mineral had a significant effect. 

Sorption increased with more mineral mass, and was greatest on Bangor soil followed by 

bentonite, and finally kaolinite. Significance values for key contrasts within the minimal adequate 

model are summarised in Table 6.5. Full results can be found in the appendix. These show that 

only the difference between the Bangor soil and the kaolinite was statistically significant. This 

result contradicted hypothesis 2, which postulated that the Bangor soil would show the lowest 

sorption. Salinity also had a significant effect on sorption, with greater sorption occurring at 

marine salinities. Results also indicate that the difference between all three mineral masses used 

are significant.  
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Table 6.5. Results of tukey tests for the significance between individual treatments *** = p < 

0.001; ** = p<0.01; * = p < 0.05; . = p < 0.10.  

Factor Difference  p value 
 

Significance 

Salinity    
Marine - Riverine 6.429941 0 *** 
DOM type    
Algal - Type 1 -0.19848 0.9856  
Algal - Type 2 1.06433 0.661  
Type 1 - Type 2 1.26281 0.5589  
Mineral type    
Bangor soil - Bentonite 1.626342 0.3825  
Bangor soil - Kaolinite 4.419841 0.0012 ** 
Bentonite - Kaolinite 2.793499 0.0619 . 
Mineral mass    
20-40 -5.25821 1.00E-04 *** 
20-80 -8.78918 0 *** 
40-80 -3.53097 0.0126 * 

As well as the main factors, the analysis of variance also shows significant two-way interactions 

which are illustrated in the box plots below. Figure 6.1 showing salinity and mineral type and 

illustrates how salinity has a much greater impact on bentonite than the other two minerals, with 

the difference between BR and BM, greater that that between KR and KM or SR and SM. The 

effect of organic matter type and mineral type is shown in Figure 6.2 which illustrates the minimal 

difference between the different organic matter types even on different minerals, only T1 on 

Bangor soil shows a notably higher mean value.  Mineral type and mineral mass  are illustrated in 

Figure 6.3, as well as illustrating that greater sorption is achieved by all minerals at higher masses,  

the trend of Bangor soil showing the  greatest sorption followed by bentonite and then kaolinite 

can be seen to get stronger at the higher mineral mass.  

 

Figure 6.1. Effect of mineral type and salinity on the percentage sorption of dissolved organic 

carbon (mean for different types of dissolved organic matter and mineral mass). The 

first letter is indicative of the mineral: B- bentonite, K- kaolinite, S- Bangor Soil. The 

second letter indicates the salinity: R-riverine, M-marine. Each box plot represents 27 

data points. 
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Figure 6.2. Effect of organic matter type and mineral type on percentage sorption of dissolved 

organic carbon (mean for different salinities and mineral mass). The first letter is 

indicative of the organic matter and the second the mineral: B- bentonite, K- 

kaolinite, S- Bangor Soil. Each box plot represents 18 data points. 

 

Figure 6.3. Effect of mineral type and mineral mass on percentage sorption of dissolved organic 

carbon (mean for different salinities and organic matter type). The letter is indicative 

of the mineral: B- bentonite, K- kaolinite, S- Bangor Soil and the number the mass of 

clay-sized particles in mg. Each box plot represents 18 data points. 

The significance of the two-way organic matter and mineral type interaction suggests that organic 

matter type does have some importance at least within one of the mineral types. Tukey results 

revealed only one contrast with (marginal) significance, between DOM type T1 and A on Bangor 

soil, with a P value of 0.0592 (see appendix). Of the three two-way interactions, the organic 

matter and mineral type interaction had the smallest F value (Table 6.4) suggesting that the 

interaction between mineral mass and salinity is more important to consider. 

6.6 Discussion 

Results showed that the factors with greatest effect on sorption were mineral mass and salinity, 

followed by mineral type and the two-way interactions, with organic matter type having the 

smallest effect on sorption. The increased sorption with increased mineral mass is likely to be due 

to the increased mineral surface area that this provided. The difference in sorption of DOM by 
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one mineral relative to another is small and does not correlate with the surface area of the 

minerals. The mineral surface areas were 12.4 m² g-1, 16.3 m²g-1and 18.3 m2 g-1 for bentonite, 

kaolinite and Bangor soil, respectively. Whilst the Bangor soil showed the greatest sorption and 

had the greatest surface area, kaolinite had a greater surface area than bentonite, but bentonite 

showed greater sorption. This may be because organic matter has been shown not to be present 

on mineral surfaces in a uniform layer, despite some studies having suggested a constant ratio of 

organic matter to mineral surface area (Mayer et al., 1985, Weiler and Mills, 1965, Tanoue and 

Handa, 1979) . Organic matter binds at specific locations (Ransom et al., 1997, Mayer, 1999, 

Arnarson and Keil, 2001), and the ratio of sorption sites to surface area is likely to vary between 

different minerals. Indeed, montmorillonite (a major component of bentonite) has been shown to 

have a higher sorption capacity than kaolinite, and the high sorption in the Bangor soil may also 

be due to the presence of iron which has been shown to significantly increase DOM sorption 

capacity, as well as the soil’s higher surface area (Satterberg et al., 2003, Lalonde et al., 2012, 

Kaiser and Guggenberger, 2000, Zhang et al., 2013, Wang et al., 2013).  

Previous work has noted the increased sorption of DOM by minerals at higher salinity (Arnarson 

and Keil, 2000, Sholkovitz, 1976, Meyers and Quinn, 1973). Mineral flocculation, particularly of 

bentonite, has been shown to increase significantly at higher salinities (Baik and Lee, 2010), which 

seems likely to reduce the availability of the mineral surface for organic matter sorption (Meyers 

and Quinn, 1973). However, the presence of bound organic matter has been found to noticeably 

reduce this flocculation effect (Heil and Sposito, 1993). Suppression of anion and cation exchange, 

reducing organic matter sorption by these mechanisms, is caused by increased competing anions 

and cations and the suppression of ligand exchange by elevated sulphate concentration. As 

sorption in this study is increased by increased salinity, it is unlikely these are the main sorption 

mechanisms occurring here.  

The positive correlation between the extent of DOM sorption and salinity most likely results from 

increased weak short-range Van der Waal interactions and cation bridging. Van der Waal 

interactions require that the sorbed compounds closely approach the mineral surface. At lower 

salinity this is impeded by a larger double layer (a section of counter ions close to the mineral 

surface) through which the DOM would have to pass. With increased ionic strength at higher 

salinities, the size of the double layer decreases and the DOM is able to more readily approach the 

mineral surface. This effect is greatest in bentonite, which is the most highly charged mineral 

considered here (Zadaka et al., 2010), and which is consistent with our results (Figure 6.1). The 

presence of increased concentrations of divalent cations also increases the extent of cation 

bridging. This process allows the negatively charged organic matter to bind to negatively charged 

minerals via bridging cations. In the case of bentonite, cation bridging allows the negatively 
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charged face sites to sorb DOM, in addition to the positively charged edge sites, increasing the 

number of potential sorption sites.  

The relatively low importance of DOM type in determining the degree of sorption was 

unexpected. Previous studies have found that the DOM source affects sorption more than mineral 

type e.g. (Satterberg et al., 2003); however, it should be noted that many of these studies were 

conducted with a much lower organic matter: mineral ratio, < 0.2 mg C m-2 (Drouin et al., 2010, 

Satterberg et al., 2003) than was the case in this study, where the ratio varied in the range 0.12-

1.77 mg C m-2. Other works on organic matter degradation have demonstrated that when the 

mineral was present in excess, the degree of protection from degradation that the mineral 

afforded was determined by the strength of the organic matter-mineral interaction. This 

interaction is a function of both the mineral and organic matter types. In contrast, when the 

organic matter was in excess, 33.3 mgCm-2 on kaolinite, the degree of protection was determined 

by the mineral surface area (Saidy et al., 2015, Saidy et al., 2013). That might explain the observed 

importance of mineral mass in this study which is strongly correlated to mineral surface area.   

Within marine sediments there appears to be a relatively constant coverage of organic matter of 

approximately 1.5 mg C m-2 mineral surface area (Mayer et al., 1985). The organic matter: mineral 

surface area ratio in this study varied in the range 0.12-1.77 mg C m-2. Laboratory-based sorption 

experiments have achieved much lower coverages than 1.5 mg C m-2, which is likely to explain 

why DOM type was not a significant factor because the organic matter is still likely in excess 

(Mayer, 1994a, Mayer et al., 1988, Arnarson and Keil, 2000, Drouin et al., 2010). This decreased 

coverage observed in laboratory studies may result from changes in the sediment structure 

caused by removal of organic matter prior to the experiment, because this can collapse the 

overall structure of the sediment and reduce the available surface area (Liu and Lee, 2006). It is 

also possible that some of the organic matter preservation seen in natural sediments does not 

primarily originate from mineral interactions, but as a result of other factors such as redox 

chemistry (e.g., anoxic versus oxic conditions). Therefore, the relative excess of organic matter in 

relation to suitable sorption sites in this study is likely to be the reason why there was no 

preference for one organic matter type over another. That said, it is also possible that some 

selective sorption of specific compounds or functional groups within each DOM type occurs 

because this would not be detected in the total DOC measurements. 

The combined effect of the mineral type and the DOM type on the extent of sorption may be a 

result of the weaker sorption of type T1 DOM on bentonite and the greater sorption of type T1 

DOM on Bangor soil (Figure 6.2).  In which case, this may be related to the acidic nature of DOM 

type T1, because acidic organic matter is negatively charged and will therefore interact poorly 

with the negatively charged bentonite. The increased sorption of DOM type T1 with the Bangor 
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soil may therefore indicate that this mineral type may have more positively charged sorption 

sites. This could be investigated further either indirectly by extracting the bound organic matter to 

determine if this is more likely to bind to positive or negative sites, or more directly by using an 

analytical technique to visualise the bound organic matter in situ, such as solid state NMR, 

transmission electron microscopy or atomic force microscopy. 

6.7 Conclusions 

This study demonstrates that under mineral loading conditions typical of those found in rivers 

(Aufdenkampe et al., 2001), DOM-mineral interactions make a significant contribution to the 

removal of DOM, and therefore are important to include in DOM transport models. It was also 

shown that the DOM: mineral surface area ratio is an important determinant because it gives an 

indication of which factors will have the greatest effect on the amount of sorption observed. At 

the concentrations used in this study, the nature of DOM source had a minimal impact on the 

degree of sorption. This suggests that if required, removal models could potentially be simplified 

by the exclusion of DOM type as a factor in mineral interaction. However, mineral mass and type 

need to be included because they have an important effect on the amount of sorption. It is also 

important to consider the influence of flooding events that lead to large suspended sediment 

loads within rivers, which may cause the DOM type to become the limiting factor. Further 

laboratory studies are needed to determine the exact DOM: mineral ratio at which this may 

occur. At higher mineral concentrations than those used in the current study, it is likely that only 

the DOM type would need to be considered because mineral type and mass would no longer be 

limiting, meaning that models of DOM sorption could still be simplified. Under either situation, 

salinity is an important factor and critical for accurate modelling because higher salinity has been 

shown to increase sorption. Although further experimental studies are needed, this study 

indicates that models of DOM-mineral interactions could be simplified due to the minimal or 

limited influence of DOM type, at least where sediment loads are comparatively small.  
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Chapter 7 Conclusion  

Current human activities, such as the burning of fossil fuels and changes in land use, mean that 

understanding the mechanisms and feedbacks of the global carbon cycle is becoming ever more 

critical (Friedlingstein, 2015). Preservation of organic matter in marine sediment is important for 

the removal of carbon dioxide and accumulation of oxygen in the atmosphere (Mackenzie et al., 

2004). Past research has identified that mineral interactions are a key part of this preservation 

process (Hedges and Keil, 1995). Studies have since shown that clays and iron minerals interact 

most strongly with polar compounds via ligand exchange, cation bridging and Van der Waals 

interactions. However, a number of questions still remain, such as the reason for the observed 

monolayer ratio of organic matter to mineral surface area (Mayer, 1999). This study aimed to 

further understanding of organic matter-minerals interactions in the following ways; firstly, by 

examining both dissolved and particulate organic matter whilst trying to disentangle the effects of 

molecular weight and organic matter functionality; secondly, to investigate the impact of organic 

matter type on the mechanism of interaction. Thirdly, to compare these results in different 

minerals. Finally, to use natural organic matter to determine the applicability of results in a 

natural system.  

7.1 Role of organic matter type in organic matter-mineral interactions  

Separation of bound and unbound particulate organic matter was achieved in this study using 

centrifugation and density fractionation. This then allowed the inclusion of more hydrophobic 

compounds particularly aromatic compounds, which have previously been excluded due to their 

absence from the dissolved fraction (Lu et al., 2010, Newcomb et al., 2017). The use of standards 

(anthracene, carbazole, heptadecane, hexadecanol, octadecanamide and stearic acid) also 

allowed the disentanglement of the effects of abundance and mineral preference for one organic 

matter type over another. This revealed that, in addition to the previously observed bonding 

preference for nitrogen-containing compounds (octadecanamide in this study), there was an even 

greater preference for aromatic compounds (anthracene and carbazole in this study). This 

observation illustrates the importance of including all organic matter types during experimental 

design. The use of further standards (behenic, stearic, and palmitic acid) also allowed the 

determinations of the importance of molecular weight to organic matter-mineral interactions, as 

it was shown that compounds with a higher molecular weight show greater sorption, even in the 

absence of greater functional groups.  
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These individual results were complemented by combined experiments, where all the standards 

were added simultaneously. It was initially anticipated that this would result in competition 

between the different types of organic matter, with those with the strongest interactions binding 

first and inhibiting the binding of other compounds. However, sorption for all compounds was 

notably greater in the combined experiments, with little difference between the amount of 

sorption for the different compounds. The similarity between the concentrations reached by the 

combined compounds and the aromatic compounds in the individual sorption experiments, lead 

to the hypothesis that increased sorption shown was due to the non-aromatic compounds binding 

to the aromatic compounds, which themselves were binding to the mineral. However, repeating 

the combined experiment without aromatic compounds still resulted in greatly increased 

sorption, compared to the individual sorption experiments. Having determined that this result 

was not due to the increased organic matter concentration forcing organic matter into the solid 

phase, this shows that increasing the variety of organic matter present leads to increased 

sorption. Previously, laboratory studies have struggled to obtain the 1.5 mgCm-2 seen in marine 

sediments but in the combined experiments seen here ratios were nearly 10 times this at ~ 12 

mgCm-2 (Arnarson and Keil, 2000, Drouin et al., 2010). Possible explanations for this include the 

lack of microbial degradation in this study and higher than natural levels of aromatic compounds. 

However, it is also worth noting that in soils, organic matter sorption often exceed this ratio 

(Kaiser and Guggenberger, 2000), and the 1.5 mgCm-2 seen in marine sediments may be more 

indicative of the limited amount of organic matter reaching the sea floor than of mineral 

saturation.  

7.2 Role of mineral and mechanism   

Six main mechanisms are important to organic matter-mineral interactions: ligand exchange, 

cation bridging, anion exchange, cation exchange, van der Waals interactions and hydrophobic 

effects. Previously, ligand exchange, cation bridging and Van der Waals interaction have been 

identified as the most important of these mechanisms (Arnarson and Keil, 2000, Feng et al., 2005, 

Mikutta et al., 2007). This study enabled the determination of the mechanism for individual 

molecules, and demonstrates the following: anthracene interacted via hydrophobic interactions 

and Van der Waal forces; carbazole by hydrophobic interactions, Van der Waals forces and ligand 

exchange; heptadecane by hydrophobic interactions and Van der Waals forces; hexadecanol by 

anion exchange; octadecanamide by hydrophobic interactions; and stearic acid by hydrophobic 

interactions and anion exchange.  None of the compounds used in this study seemed to be 

interacting by cation bridging and only carbazole showed any interaction via ligand exchange, 

despite these being shown to be key mechanisms previously (Mikutta et al., 2007, Arnarson and 
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Keil, 2000, Feng et al., 2005). Instead more hydrophobic interactions were detected. This is 

hypothesised to be due to the different nature of the organic matter used here to the organic 

matter used previously. Previous studies have concentrated on dissolved organic matter which is 

likely to be more hydrophilic in nature, whereas the organic matter used here is more 

hydrophobic which explains the increased importance of hydrophobic interactions.  

The mechanism of interaction determined for each molecule provided a good indication of the 

molecule’s interaction with different minerals. Those interacting via hydrophobic and Van der 

Waal interactions bound most to kaolinite due to its low surface charge and lower number of 

hydroxyl groups relative to bentonite and goethite. Carbazole showed the greatest interaction 

with goethite which would be expected for the ligand exchange mechanism as goethite has more 

hydroxyl groups available for interactions. Hexadecanol sorbed most to goethite followed by 

bentonite then kaolinite with the order predicted by the anion exchange capacity of these 

minerals (Ioannou et al., 2013, Mclaughlin et al., 1981, Schell and Jordan, 1959).  These results 

suggest that the mechanism of sorption is similar or the same for the organic molecules on the 

three different minerals used in this study. If more widely applicable, this means that if the 

mechanism of interaction is known the interaction with different minerals may be predicted and 

vice versa.  

Although, different minerals did promote different degrees of bonding within the different 

organic matter types the nature of the organic matter still seemed to be of greatest importance, 

with aromatic compounds showing the most sorption in all three minerals. Whilst studies in soils 

have found higher sorption in iron oxides than clay minerals (Mikutta et al., 2007), this was not 

observed in this study. As well as the more hydrophobic nature of the organic matter used in this 

study it is also important to consider the conditions of the experiment. In order to replicate 

marine conditions this experiment was carried out at pH 9, whereas soil-based experiments were 

conducted at pH 4. At pH 9, both iron oxides and clay minerals will be negatively charged, 

however whilst clays remain negatively charged at pH 4 iron oxides will become positively 

charged.  Positively charged iron oxides are likely to be able to interact more favourably with 

organic matter that is predominantly negatively charged. This suggests that organic matter-iron 

oxide interactions in marine sediments may bear more resemblance to organic matter-clay 

interactions than is seen in soils.  

7.3 Applications in the natural environment  

The work carried out in Chapter 6 was part of the LOCATE project which aims to: (1) quantify the 

fate of terrigeneous organic matter from soils to the ocean, with particular focus on estuaries and 
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coastal waters; (2) quantify and understand the loss processes in estuarine environments; and (3) 

build a new model of terrigeneous organic matter cycling valid in marine and fresh waters, and 

use it to predict the future evolution of the land ocean carbon flux. This study fed into this by 

investigating the impact of mineral sorption on the transport of dissolved organic matter (DOM) 

from rivers to the ocean. It also enabled a comparison of work in previous chapters within a more 

natural setting, albeit in the absence of particulate matter.  

In this chapter three sources of DOM were used: two terrigeneous and one autochthonous. 

Measurements were via dissolved organic carbon (DOC), meaning the chemical structure of 

binding organic matter was not determined. However, fluorescence spectrometry did illustrate 

that the three sources had different chemical compositions. Organic matter type was found to 

have the least effect on organic matter-mineral sorption. Two possible causes of this have been 

identified. Firstly, the organic matter-mineral ratio was relatively high which means that the 

organic matter is likely to be in excess. Secondly, the results of Chapter 3 demonstrated that when 

a number of different organic compounds are present, sorption is cooperative with a minimal 

difference between the different compounds. As the organic matter used in this study contained a 

variety of different compounds this could be occurring here. Given a much higher ratio was 

achieved in Chapter 3, this suggests the second explanation, as it has been shown that higher 

ratios can be achieved. It is likely that the lower ratio achieved in Chapter 6 is due to the presence 

of only dissolved organic matter, which likely contains a limited number of compounds and few 

with a high affinity for the mineral surface, such as aromatic compounds.  

Mineral mass, mineral type and salinity were also found to affect sorption. Increased mineral 

mass and increased salinity were both shown to have greatest impact on binding with both 

leading to an increased surface area for organic matter interactions. Increased salinity reduces the 

double layer allowing more Van der Waals interactions and provides more cations for cation 

bridging. The lower organic matter-mineral ratio achieved and the importance of increased 

surface area suggests that the organic matter may be forming thinner layers on the mineral than 

in the experiments involving the use of standards. This is likely due to the dissolved nature of the 

organic matter. Where in Chapter 3 the organic matter was insoluble, and therefore it was 

entropically favourable for it to leave the dissolved phase and bind to the organic matter already 

bound to the mineral, this will be considerably less favourable where the organic matter is 

dissolved. Indeed, whilst natural organic matter appears to bind in “blobs” (Ransom et al., 1997), 

few studies have looked at the resulting complexes of organic matter-mineral binding 

experiments.  
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7.4 Implications and further work  

Organic matter-mineral interactions have been identified as important for the preservation of 

organic matter in marine sediments for a number of years. Consequently, many studies have been 

carried out in the area, however the complex nature of these interactions means there are still 

many questions unanswered. This work has demonstrated the importance of including particulate 

as well as dissolved organic matter in studies. In addition, it has been shown that organic matter 

can bind cooperatively, meaning that the presence of multiple types of organic matter may 

increase binding.  

Further work is needed using a wider range of particulate organic matter including natural 

assemblages to see if the higher organic matter-mineral ratios achieved in this study are more 

widely applicable. Inclusion of particulate organic matter to mechanism studies would also be 

beneficial to determine the relative importance of the more hydrophobic interactions found here 

and the more specific ligand exchange and cation bridging found in dissolved organic matter 

studies. The methods developed in Chapter 2 should be able to facilitate such a study. This could 

also be used to investigate the interactions of natural organic matter with iron oxide minerals 

under marine conditions, to determine whether the similarity to clay mineral interaction is 

repeated with natural organic matter and wider selection of iron oxides.  

The high organic matter-mineral ratios achieved in Chapter 3 raise further questions about the 

cause of the monolayer equivalent seen in marine sediments. Initially, experiments looking at the 

desorption and decomposition of these higher organic matter-mineral ratio complexes could be 

carried out to see how viable they are long term. Desorption could be carried out by isolating the 

bound clay by centrifugation and exposing it to fresh artificial seawater; this could be repeated a 

number of times to see if further desorption could be achieved. Decomposition experiments could 

also be carried out by adding bacteria to the reaction vessels and bubbling with air rather than 

nitrogen. It would also be interesting to investigate how the organic matter in this study binds to 

the mineral (e.g. using transition electron microscopy) in comparison to natural marine sediments 

and laboratory experiments focusing only on dissolved organic matter.  
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Appendix A Ferrihydrite experiments  

In addition to kaolinite, bentonite and goethite mineral experiments were also carried out with 

ferrihydrite, chosen to represent uncrystallised iron hydroxides. Due to the high surface area of 

ferrihydrite, as well as adjusting organic matter concentrations the mineral mass was also reduced 

to 0.05g. Ferrihydrite results showed much lower sorption than the other three minerals. This is 

thought to be due to the reduced mass, which was added to accommodate the high surface area. 

In anthracene, lines of best fit suggest sorption of approximately one tenth of that of kaolinite, 

the same proportion as the reduction in mass. However, erratic results in the other compounds 

indicate that rather than mass and surface area, being important to organic-matter minerals 

interactions, this reduced mass was simply too low for the extraction process to work effectively. 

 

Compound 
Line of best fit R2 value  

Anthracene 
y = 0.065x + 0.079 R² = 0.9992 

Carbazole 
Non-linear response   

Heptadecane 
Non-linear response  

Hexadecanol 
y = 0.0007x + 0.0059 R² = 0.5338 

Octadecanamide  
Non-linear response  

Stearic acid 
y = 0.0053x - 0.0006 R² = 0.9992 

Figure A.1. Sorption of different compounds to ferrihydrite. 
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Appendix B Chapter 6 dataset and tukey tests 

B.1 Dataset 

Data set used in the plots and statistical analysis in chapter 6 

Orga
nic 
matt
er 

Mine
ral 

Mass/
mg 

Salin
ity 

Rep
eat 

Start_DOC_
mgCpL 

Control_DOC
_mgCpL 

End_DOC_
mgCpL 

Percenta
ge DOC 
sorbed 

A B 20 R 1 17.16667 16.66667 18.3 -9.8 

A B 40 R 1 17.16667 16.66667 16 4 

A B 80 R 1 13.15 12.3 9.27 24.63415 

A B 20 S 1 8.493333 8.83 6.83 22.65006 

A B 40 S 1 16.76667 18.26667 18.2 0.364964 

A B 80 S 1 9.66 8.83 7.17 18.79955 

B B 20 R 1 16.43333 15.95 17.56 -10.094 

B B 40 R 1 16.43333 15.95 15.2 4.702194 

B B 80 R 1 16.43333 15.95 15 5.956113 

B B 20 S 1 16.83333 15.86667 14 11.76471 

B B 40 S 1 16.83333 15.86667 14.1 11.13445 

B B 80 S 1 16.83333 15.86667 13.6 14.28571 

C B 20 R 1 13.53333 11.1 12.4 -11.7117 

C B 40 R 1 13.53333 11.1 10.9 1.801802 

C B 80 R 1 13.53333 11.1 11.8 -6.30631 

C B 20 S 1 12.6 10.9 9.14 16.14679 

C B 40 S 1 12.6 10.9 8.06 26.05505 

C B 80 S 1 12.6 10.9 7.73 29.08257 

A B 20 R 2 13.15 12.3 12.3 0 

A B 40 R 2 13.15 12.3 11.7 4.878049 

A B 80 R 2 13.15 12.3 13 -5.69106 

A B 20 S 2 13.73333 12.1 11 9.090909 

A B 40 S 2 13.73333 12.1 11 9.090909 

A B 80 S 2 13.73333 12.1 9.17 24.21488 

B B 20 R 2 12.73333 12.03333 11.9 1.108033 

B B 40 R 2 12.73333 12.03333 10.9 9.418283 

B B 80 R 2 12.73333 12.03333 11 8.587258 

B B 20 S 2 13.6 12.36667 11.5 7.008086 

B B 40 S 2 13.6 12.36667 11 11.05121 

B B 80 S 2 13.6 12.36667 10.7 13.47709 

C B 20 R 2 5.573333 5.883333 5.05 14.16431 

C B 40 R 2 5.573333 5.883333 5.49 6.685552 

C B 80 R 2 5.573333 5.883333 5.71 2.946176 

C B 20 S 2 6.223333 6.083333 4.88 19.78082 

C B 40 S 2 6.223333 6.083333 5.51 9.424658 
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Orga
nic 
matt
er 

Mine
ral 

Mass/
mg 

Salin
ity 

Rep
eat 

Start_DOC_
mgCpL 

Control_DOC
_mgCpL 

End_DOC_
mgCpL 

Percenta
ge DOC 
sorbed 

C B 80 S 2 6.223333 6.083333 4.42 27.34247 

A B 20 R 3 9.845 8.855 9.03 -1.97628 

A B 40 R 3 9.845 8.855 8.79 0.734049 

A B 80 R 3 9.845 8.855 9.41 -6.26765 

A B 20 S 3 9.66 8.83 9.09 -2.94451 

A B 40 S 3 9.66 8.83 8.03 9.060023 

A B 80 S 3 9.66 8.83 7.46 15.51529 

B B 20 R 3 12.56667 11.66667 11.2 4 

B B 40 R 3 12.56667 11.66667 10.6 9.142857 

B B 80 R 3 12.56667 11.66667 10.8 7.428571 

B B 20 S 3 13.5 12.45 12 3.614458 

B B 40 S 3 13.5 12.45 10.6 14.85944 

B B 80 S 3 13.5 12.45 10.2 18.07229 

C B 20 R 3 6.07 5.7 6 -5.26316 

C B 40 R 3 6.07 5.7 5.26 7.719298 

C B 80 R 3 6.07 5.7 5.32 6.666667 

C B 20 S 3 7.123333 6.85 6.7 2.189781 

C B 40 S 3 7.123333 6.85 5.47 20.14599 

C B 80 S 3 7.123333 6.85 4.89 28.61314 

A K 20 R 1 17.16667 16.66667 16.9 -1.4 

A K 40 R 1 17.16667 16.66667 14.6 12.4 

A K 80 R 1 13.15 12.3 11.7 4.878049 

A K 20 S 1 16.76667 18.26667 15.2 16.78832 

A K 40 S 1 16.76667 18.26667 17.1 6.386861 

A K 80 S 1 13.15 12.1 11.1 8.264463 

B K 20 R 1 16.43333 15.95 15.1 5.329154 

B K 40 R 1 16.43333 15.95 13 18.4953 

B K 80 R 1 16.43333 15.95 14.1 11.59875 

B K 20 S 1 16.83333 15.86667 14.8 6.722689 

B K 40 S 1 16.83333 15.86667 15 5.462185 

B K 80 S 1 16.83333 15.86667 14.5 8.613445 

C K 20 R 1 13.53333 11.1 12.1 -9.00901 

C K 40 R 1 13.53333 11.1 9.07 18.28829 

C K 80 R 1 13.53333 11.1 11 0.900901 

C K 20 S 1 12.6 10.9 12.6 -15.5963 

C K 40 S 1 12.6 10.9 10.5 3.669725 

C K 80 S 1 12.6 10.9 9.32 14.49541 

A K 20 R 2 13.15 12.3 13.1 -6.50407 

A K 40 R 2 13.15 12.3 11.4 7.317073 

A K 80 R 2 13.15 12.3 13.7 -11.3821 

A K 20 S 2 13.73333 12.1 11.6 4.132231 

A K 40 S 2 13.73333 12.1 11.3 6.61157 

A K 80 S 2 13.73333 12.1 11 9.090909 
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Orga
nic 
matt
er 

Mine
ral 

Mass/
mg 

Salin
ity 

Rep
eat 

Start_DOC_
mgCpL 

Control_DOC
_mgCpL 

End_DOC_
mgCpL 

Percenta
ge DOC 
sorbed 

B K 20 R 2 12.73333 12.03333 12.8 -6.37119 

B K 40 R 2 12.73333 12.03333 12.1 -0.55402 

B K 80 R 2 12.73333 12.03333 11.1 7.756233 

B K 20 S 2 13.5 12.45 11.7 6.024096 

B K 40 S 2 13.6 12.36667 11.6 6.199461 

B K 80 S 2 13.6 12.36667 11.9 3.773585 

C K 20 R 2 5.573333 5.883333 4.79 18.58357 

C K 40 R 2 5.573333 5.883333 5.17 12.12465 

C K 80 R 2 5.573333 5.883333 5.17 12.12465 

C K 20 S 2 6.223333 6.083333 5.58 8.273973 

C K 40 S 2 6.223333 6.083333 5.23 14.0274 

C K 80 S 2 6.223333 6.083333 5.21 14.35616 

A K 20 R 3 9.845 8.855 8.23 7.058159 

A K 40 R 3 9.845 8.855 8.79 0.734049 

A K 80 R 3 9.845 8.855 8.77 0.95991 

A K 20 S 3 9.66 8.83 8.6 2.604757 

A K 40 S 3 9.66 8.83 7.92 10.30578 

A K 80 S 3 9.66 8.83 7.82 11.43828 

B K 20 R 3 12.56667 11.66667 11.5 1.428571 

B K 40 R 3 12.56667 11.66667 11.3 3.142857 

B K 80 R 3 12.56667 11.66667 11 5.714286 

B K 20 S 3 13.5 12.45 12.4 0.401606 

B K 40 S 3 13.5 12.45 11.4 8.433735 

B K 80 S 3 13.5 12.45 11.6 6.827309 

C K 20 R 3 6.07 5.7 5.68 0.350877 

C K 40 R 3 6.07 5.7 5.56 2.45614 

C K 80 R 3 6.07 5.7 5.6 1.754386 

C K 20 S 3 7.123333 6.85 6.82 0.437956 

C K 40 S 3 7.123333 6.85 6.59 3.79562 

C K 80 S 3 7.123333 6.85 5.7 16.78832 

A S 20 R 1 17.16667 16.66667 16.8 -0.8 

A S 40 R 1 17.16667 16.66667 14.7 11.8 

A S 80 R 1 9.845 8.855 7.43 16.0926 

A S 20 S 1 16.76667 18.26667 16.4 10.21898 

A S 40 S 1 16.76667 18.26667 16.1 11.86131 

A S 80 S 1 9.66 8.83 5.96 32.50283 

B S 20 R 1 16.43333 15.95 15.4 3.448276 

B S 40 R 1 16.43333 15.95 14.1 11.59875 

B S 80 R 1 16.43333 15.95 14 12.22571 

B S 20 S 1 16.83333 15.86667 14.8 6.722689 

B S 40 S 1 16.83333 15.86667 14.5 8.613445 

B S 80 S 1 16.83333 15.86667 12.4 21.84874 

C S 20 R 1 13.53333 11.1 10.6 4.504505 
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Orga
nic 
matt
er 

Mine
ral 

Mass/
mg 

Salin
ity 

Rep
eat 

Start_DOC_
mgCpL 

Control_DOC
_mgCpL 

End_DOC_
mgCpL 

Percenta
ge DOC 
sorbed 

C S 40 R 1 13.53333 11.1 10.6 4.504505 

C S 80 R 1 13.53333 11.1 9.18 17.2973 

C S 20 S 1 12.6 10.9 10.7 1.834862 

C S 40 S 1 12.6 10.9 9.65 11.46789 

C S 80 S 1 12.6 10.9 9.61 11.83486 

A S 20 R 2 13.15 12.3 12.1 1.626016 

A S 40 R 2 13.15 12.3 10.9 11.38211 

A S 80 R 2 13.15 12.3 9.32 24.22764 

A S 20 S 2 13.73333 12.1 10.7 11.57025 

A S 40 S 2 13.73333 12.1 10.5 13.22314 

A S 80 S 2 13.73333 12.1 9.19 24.04959 

B S 20 R 2 12.73333 12.03333 12.4 -3.04709 

B S 40 R 2 12.73333 12.03333 11.5 4.432133 

B S 80 R 2 12.73333 12.03333 10.3 14.40443 

B S 20 S 2 13.6 12.36667 11.1 10.24259 

B S 40 S 2 13.6 12.36667 11.6 6.199461 

B S 80 S 2 13.6 12.36667 10.5 15.09434 

C S 20 R 2 5.573333 5.883333 5.94 -0.96317 

C S 40 R 2 5.573333 5.883333 5.67 3.626062 

C S 80 R 2 5.573333 5.883333 5.36 8.895184 

C S 20 S 2 6.223333 6.083333 5.48 9.917808 

C S 40 S 2 6.223333 6.083333 5.39 11.39726 

C S 80 S 2 6.223333 6.083333 5.28 13.20548 

A S 20 R 3 9.845 8.855 8.11 8.413326 

A S 40 R 3 9.845 8.855 7.99 9.768492 

A S 80 R 3 9.845 8.855 7.28 17.78656 

A S 20 S 3 9.66 8.83 7.85 11.09853 

A S 40 S 3 9.66 8.83 7.32 17.10079 

A S 80 S 3 9.66 8.83 6.65 24.68856 

B S 20 R 3 12.56667 11.66667 12.3 -5.42857 

B S 40 R 3 12.56667 11.66667 10.9 6.571429 

B S 80 R 3 12.56667 11.66667 10.3 11.71429 

B S 20 S 3 13.5 12.45 12.1 2.811245 

B S 40 S 3 13.5 12.45 11.4 8.433735 

B S 80 S 3 13.5 12.45 10.7 14.05622 

C S 20 R 3 6.07 5.7 5.6 1.754386 

C S 40 R 3 6.07 5.7 5.46 4.210526 

C S 80 R 3 6.07 5.7 5.22 8.421053 

C S 20 S 3 7.123333 6.85 6.81 0.583942 

C S 40 S 3 7.123333 6.85 6.05 11.67883 

C S 80 S 3 7.123333 6.85 5.86 14.45255 

 



Appendix B 

115 

B.2 Tukey tests  

Tukey tests performed on the ANOVA data in chapter 6 

 

  Difference P value Significance  Lower 
Confidence 
Level 

Upper 
Confidence 
Level 

Salinity           

Marine - Riverine 6.429941 0 *** 4.452334 8.407547 

        
  

Organic_matter           

Autochthonous - 
Terrigenous 1 

-0.19848 0.9856   -3.10031 2.703356 

Autochthonous - 
Terrigenous 2 

1.06433 0.661   -1.83751 3.966166 

Terrigenous 1 - 
Terrigenous 2 

1.26281 0.5589   -1.63903 4.164645 

        
  

Mineral           

Bangor soil - Bentonite 1.626342 0.3825   -1.27549 4.528177 

Bangor soil - Kaolinite 4.419841 0.0012 ** 1.518006 7.321677 

Bentonite - Kaolinite 2.793499 0.0619 . -0.10834 5.695335 

        
  

Mass_mg           

20 - 40 -5.25821 1.00E-04 *** -8.16004 -2.35637 

20 - 80 -8.78918 0 *** -11.691 -5.88734 

40 - 80 -3.53097 0.0126 * -6.43281 -0.62914 
      

Salinity:Mineral           

Marine:Bangor soil - 
Riverine:Bentonite 

9.972103 0 *** 4.96703 14.97718 

Marine:Bentonite - 
Riverine:Bentonite 

11.94176 0 *** 6.93669 16.94684 

Marine:Bentonite - 
Riverine:Kaolinite 

10.06353 0 *** 5.058457 15.0686 

Marine:Bangor soil - 
Riverine:Kaolinite 

8.09387 1.00E-04 *** 3.088796 13.09894 

Marine:Bentonite - 
Marine:Kaolinite 

7.465231 4.00E-04 *** 2.460158 12.47031 

Marine:Bentonite - 
Riverine:Bangor soil 

6.719419 0.0022 ** 1.714346 11.72449 
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  Difference P value Significance  Lower 
Confidence 
Level 

Upper 
Confidence 
Level 

Marine:Bangor soil - 
Marine:Kaolinite 

5.495571 0.0224 * 0.490497 10.50064 

Riverine:Bangor soil - 
Riverine:Bentonite 

5.222344 0.0354 * 0.217271 10.22742 

Marine:Bangor soil - 
Riverine:Bangor soil 

4.749759 0.0735 . -0.25531 9.754833 

Marine:Kaolinite - 
Riverine:Bentonite 

4.476532 0.1081   -0.52854 9.481606 

Riverine:Bangor soil - 
Riverine:Kaolinite 

3.344111 0.3885   -1.66096 8.349185 

Marine:Kaolinite - 
Riverine:Kaolinite 

2.598299 0.6654   -2.40677 7.603373 

Marine:Bangor soil - 
Marine:Bentonite 

-1.96966 0.8654   -6.97473 3.035413 

Riverine:Bentonite - 
Riverine:Kaolinite 

-1.87823 0.8872   -6.88331 3.126841 

Marine:Kaolinite - 
Riverine:Bangor soil 

-0.74581 0.9981   -5.75089 4.259262 

      

Organic_matter:Miner
al 

          

Terrigenous 1:Bangor 
soil - Terrigenous 
1:Kaolinite 

9.273695 8.00E-04 *** 2.589934 15.95746 

Terrigenous 1:Bangor 
soil - Terrigenous 
2:Kaolinite 

8.75626 0.002 ** 2.072499 15.44002 

Terrigenous 1:Bangor 
soil - Terrigenous 
1:Bentonite 

7.792079 0.0099 ** 1.108318 14.47584 

Autochthonous 
:Kaolinite - Terrigenous 
1:Bangor soil 

-7.71045 0.0113 * -14.3942 -1.02669 

Autochthonous :Bangor 
soil - Terrigenous 
1:Bangor soil 

-6.55483 0.0592 . -13.2386 0.128933 

Terrigenous 1:Bangor 
soil - Terrigenous 
2:Bentonite 

6.17189 0.0953 . -0.51187 12.85565 

Terrigenous 1:Bangor 
soil - Terrigenous 
2:Bangor soil 

5.926051 0.1268   -0.75771 12.60981 
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  Difference P value Significance  Lower 
Confidence 
Level 

Upper 
Confidence 
Level 

Autochthonous 
:Bentonite - 
Terrigenous 1:Kaolinite 

5.877758 0.1338   -0.806 12.56152 

Autochthonous 
:Bentonite - 
Terrigenous 2:Kaolinite 

5.360324 0.2287   -1.32344 12.04408 

Autochthonous 
:Bentonite - 
Terrigenous 
1:Bentonite 

4.396142 0.4971   -2.28762 11.0799 

Autochthonous 
:Bentonite - 
Autochthonous 
:Kaolinite 

4.314511 0.5235   -2.36925 10.99827 

Autochthonous 
:Bentonite - 
Terrigenous 1:Bangor 
soil 

-3.39594 0.8036   -10.0797 3.287825 

Terrigenous 1:Kaolinite 
- Terrigenous 2:Bangor 
soil 

-3.34764 0.8157   -10.0314 3.336117 

Autochthonous :Bangor 
soil - Autochthonous 
:Bentonite 

-3.15889 0.8594   -9.84265 3.52487 

Terrigenous 1:Kaolinite 
- Terrigenous 
2:Bentonite 

-3.1018 0.8714   -9.78557 3.581956 

Terrigenous 2:Bangor 
soil - Terrigenous 
2:Kaolinite 

2.830209 0.9197   -3.85355 9.51397 

Autochthonous 
:Bentonite - 
Terrigenous 
2:Bentonite 

2.775954 0.9276   -3.90781 9.459715 

Autochthonous :Bangor 
soil - Terrigenous 
1:Kaolinite 

2.718867 0.9354   -3.96489 9.402628 

Terrigenous 
2:Bentonite - 
Terrigenous 2:Kaolinite 

2.58437 0.9515   -4.09939 9.268131 

Autochthonous 
:Bentonite - 
Terrigenous 2:Bangor 
soil 

2.530115 0.9571   -4.15365 9.213876 
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  Difference P value Significance  Lower 
Confidence 
Level 

Upper 
Confidence 
Level 

Autochthonous :Bangor 
soil - Terrigenous 
2:Kaolinite 

2.201433 0.9816   -4.48233 8.885194 

Terrigenous 
1:Bentonite - 
Terrigenous 2:Bangor 
soil 

-1.86603 0.9937   -8.54979 4.817734 

Autochthonous:Kaolinit
e - Terrigenous 
2:Bangor soil 

-1.7844 0.9954   -8.46816 4.899365 

Terrigenous 
1:Bentonite - 
Terrigenous 
2:Bentonite 

-1.62019 0.9976   -8.30395 5.063573 

Autochthonous:Kaolinit
e - Terrigenous 
1:Kaolinite 

1.563248 0.9982   -5.12051 8.247009 

Autochthonous:Kaolinit
e - Terrigenous 
2:Bentonite 

-1.53856 0.9984   -8.22232 5.145204 

Terrigenous 
1:Bentonite - 
Terrigenous 1:Kaolinite 

1.481616 0.9988   -5.20214 8.165377 

Autochthonous:Bangor 
soil - Terrigenous 
1:Bentonite 

1.237251 0.9997   -5.44651 7.921012 

Autochthonous:Bangor 
soil - 
Autochthonous:Kaolinit
e 

1.15562 0.9998   -5.52814 7.839381 

Autochthonous:Kaolinit
e - Terrigenous 
2:Kaolinite 

1.045813 0.9999   -5.63795 7.729574 

Terrigenous 
1:Bentonite - 
Terrigenous 2:Kaolinite 

0.964182 0.9999   -5.71958 7.647943 

Autochthonous:Bangor 
soil - Terrigenous 
2:Bangor soil 

-0.62878 1   -7.31254 6.054985 

Autochthonous:Bangor 
soil - Terrigenous 
2:Bentonite 

-0.38294 1   -7.0667 6.300823 

Autochthonous:Kaolinit
e - Terrigenous 
1:Bentonite 

0.081631 1   -6.60213 6.765392 
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  Difference P value Significance  Lower 
Confidence 
Level 

Upper 
Confidence 
Level 

Terrigenous 1:Kaolinite 
- Terrigenous 
2:Kaolinite 

-0.51743 1   -7.2012 6.166326 

Terrigenous 2:Bangor 
soil - Terrigenous 
2:Bentonite 

0.245839 1   -6.43792 6.9296 

      

Mineral:Mass_mg           

Bangor soil:20 - Bangor 
soil:80 

-12.6827 0 *** -19.3665 -5.99898 

Bangor soil:80 - 
Bentonite:20 

12.94832 0 *** 6.264556 19.63208 

Bangor soil:80 - 
Kaolinite:20 

14.64125 0 *** 7.957493 21.32502 

Bentonite:80 - 
Kaolinite:20 

10.45009 1.00E-04 *** 3.766324 17.13385 

Bangor soil:80 - 
Kaolinite:80 

9.713612 3.00E-04 *** 3.029851 16.39737 

Bangor soil:80 - 
Kaolinite:40 

9.083404 0.0011 ** 2.399643 15.76717 

Bentonite:20 - 
Bentonite:80 

-8.75715 0.002 ** -15.4409 -2.07339 

Bangor soil:20 - 
Bentonite:80 

-8.49157 0.0031 ** -15.1753 -1.80781 

Bangor soil:80 - 
Bentonite:40 

7.918287 0.0081 ** 1.234526 14.60205 

Bangor soil:40 - Bangor 
soil:80 

-7.496 0.0157 * -14.1798 -0.81224 

Bangor soil:40 - 
Kaolinite:20 

7.145251 0.0264 * 0.46149 13.82901 

Bentonite:40 - 
Kaolinite:20 

6.722967 0.0475 * 0.039206 13.40673 

Kaolinite:20 - 
Kaolinite:40 

-5.55785 0.1882   -12.2416 1.125911 

Bentonite:80 - 
Kaolinite:80 

5.522443 0.195   -1.16132 12.2062 

Bangor soil:40 - 
Bentonite:20 

5.452313 0.2092   -1.23145 12.13607 

Bangor soil:20 - Bangor 
soil:40 

-5.18674 0.2689   -11.8705 1.497021 

Bentonite:20 - 
Bentonite:40 

-5.03003 0.3087   -11.7138 1.653732 
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  Difference P value Significance  Lower 
Confidence 
Level 

Upper 
Confidence 
Level 

Kaolinite:20 - 
Kaolinite:80 

-4.92764 0.3364   -11.6114 1.756119 

Bentonite:80 - 
Kaolinite:40 

4.892235 0.3462   -1.79153 11.576 

Bangor soil:20 - 
Bentonite:40 

-4.76446 0.383   -11.4482 1.919305 

Bangor soil:80 - 
Bentonite:80 

4.191169 0.5636   -2.49259 10.87493 

Bentonite:20 - 
Kaolinite:40 

-3.86491 0.6685   -10.5487 2.818849 

Bentonite:40 - 
Bentonite:80 

-3.72712 0.7108   -10.4109 2.956643 

Bangor soil:20 - 
Kaolinite:40 

-3.59934 0.7483   -10.2831 3.084422 

Bangor soil:40 - 
Bentonite:80 

-3.30483 0.8262   -9.9886 3.378926 

Bentonite:20 - 
Kaolinite:80 

-3.2347 0.8427   -9.91847 3.449056 

Bangor soil:20 - 
Kaolinite:80 

-2.96913 0.8967   -9.65289 3.714629 

Bangor soil:40 - 
Kaolinite:80 

2.217608 0.9807   -4.46615 8.901369 

Bangor soil:20 - 
Kaolinite:20 

1.958511 0.9914   -4.72525 8.642272 

Bentonite:40 - 
Kaolinite:80 

1.795325 0.9952   -4.88844 8.479086 

Bentonite:20 - 
Kaolinite:20 

1.692938 0.9968   -4.99082 8.376699 

Bangor soil:40 - 
Kaolinite:40 

1.587401 0.998   -5.09636 8.271162 

Bentonite:40 - 
Kaolinite:40 

1.165117 0.9998   -5.51864 7.848878 

Bangor soil:20 - 
Bentonite:20 

0.265573 1   -6.41819 6.949334 

Bangor soil:40 - 
Bentonite:40 

0.422284 1   -6.26148 7.106045 

Kaolinite:40 - 
Kaolinite:80 

0.630207 1   -6.05355 7.313969 
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Glossary of Terms 

 

Absorption  Interaction with a solid at the surface and interior  

Adsorption  Interaction with a solid at the surface only  

Carbon cycle  The movement of carbon through the surface, interior and atmosphere of the 
Earth  

Chelate 
effect  

Stronger interaction of a ligand able to bond to a metal centre via multiple bonds  

Clay Aluminium silicate with layered structure  

Clay size 
fraction  

Particles less than 4µm in size  

Desorption  Removal from a solid  

Dissolved 
organic 
matter 
(DOM) 

That able to pass through a GF/F filter in Marine science and a GF/C filter in soil 
science  

Enthalpy  Heat content per unit mass of a substance measured as the internal energy plus 
the product of its pressure and volume  

Entropy  Measure of the disorder in a thermodynamic system  

Equimolar  The same number of moles of each was added  

Hydrophilic Water loving/ fat hating  

Hydrophobic  Water hating/fat loving  

Labile 
organic 
matter  

Organic matter more susceptible to degradation  

Monolayer 
equivalent  

Organic matter: mineral ratio equivalent to monolayer coverage  

Monolayer 
hypothesis  

Hypothesis that organic matter is preserved as a thin uniform layer across the 
mineral surface 

Particulate 
organic 
matter 
(POM)  

That unable to pass through a GF/F filter in Marine science and a GF/C filter in soil 
science  

pKa Negative log of the acid dissociation constant Ka.  Giving an indication of the 
strength of the acid  

pKb Negative log of the base dissociation constant Kb.  Giving an indication of the 
strength of the base 

Point of zero 
charge  

pH at which the net charge of a mineral surface is zero 

Sorption Covers both absorption and adsorption  
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